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The focus of this research effort is to investigate the response of AZ31 Mg alloy 
based nanocomposites to tensile and compressive plastic deformation and to develop 
a crystal plasticity model to capture the essential characteristics of the behaviour 
observed. 
AZ31 Mg alloy, reinforced by different volume fractions of 50-nm Al2O3 
nanoparticles (1v%, 1.4v% and 3v%), were fabricated by a disintegrated melt 
deposition technique, followed by hot extrusion. The tensile and compressive 
mechanical behaviour of these materials at strain rates spanning 10-4 to 103 s-1 was 
investigated. Compared to monolithic AZ31, the nanocomposites display significantly 
increased yield stress and ultimate stress for both low and high rate tension, indicating 
the positive influence of nanoparticles. For each type of material, the strain to failure 
increases with strain rate for both tension and compression. The ductility of 
nanocomposites is significantly higher than that of monolithic AZ31, by 49% and 33% 
respectively for low and high rate tensile loading; this is attributed to the addition of 
nanoparticles. In contrast, there is no obvious increase in ductility for the 
nanocomposites subjected to compression; this difference is attributed to the 
activation of {1012} 1011   tension twinning under compression. Such twinning 
generates many sites for crack initiation and propagation. Consequently, the influence 
of nanoparticles on ductility is diminished by the activation of tension twinning 
during compressive deformation.  
A rate-dependent crystal plasticity model is developed to investigate the 




ABAQUS/Explicit (2010) finite element software via a user-defined material 
subroutine (VUMAT). The effect of the nanoparticles is captured by incorporating a 
term describing the interaction between the nanoparticles and slip/twinning in the 
hardening evolution laws for slip/twinning. The simulation results match the 
experimental stress-strain curves closely, and show that the addition of nanoparticles 
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Chapter 1 – Introduction 
 
As a result of concerns about environmental issues such as global warming, energy 
usage, etc., the demand for light structural materials from the automobile, aerospace 
and electronics industries continues to increase [1-3].  Magnesium alloys, as some of 
the lightest structural metals with only two thirds the density of aluminium and 
possessing high specific strength, have attracted much attention from many 
researchers [4-9]. Magnesium’s low density is a primary characteristic that endows it 
with the potential to reduce energy consumption. However, the ductility of 
magnesium alloys is relatively poor, because of their hexagonal close-packed (HCP) 
internal lattice structure, which significantly hinders their application in industry and 
the potential to replace aluminium alloys. 
Much research has been carried out to seek effective ways to improve both the 
strength and ductility of Mg and its alloys. Equal-channel-angular pressing (ECAP) 
techniques have been employed by some researchers to induce severe plastic 
deformation in Mg and its alloys [10-12], through grain refinement. The resultant 
material shows some increase in strength and ductility, but, applying ECAP to induce 
significant plastic flow without premature fracture in HCP metals is difficult, because 
of the strong dependence of plastic flow on the initial texture of the material. 
Moreover, the unsymmetrical HCP lattice structure gives rise to anisotropy, which 
decreases the formability of the material [13]. Another way to improve the properties 
of Mg and its alloys is to produce metal matrix composites [14, 15]. This technology 
involves adding appropriate reinforcements into Mg and its alloys. The addition of 
stiffer and stronger reinforcements (ceramic or metallic) into a magnesium matrix to 
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form composites has shown some promise in increasing the modulus and strength. 
However, magnesium-based composites with micro-size reinforcements display 
decreased ductility [16-19]. Recent studies show that when nano-sized fillers – carbon 
nanotubes, ceramic particles (Al2O3, Y2O3 and ZrO2) – are added to Mg or AZ31 Mg 
alloy, significant enhancement in both strength and ductility is achieved [20-23]. The 
disintegrated melt deposition (DMD) technique, a liquid phase processing technique, 
is simple and practical means of fabrication to synthesize magnesium-based metal 
matrix composites, and is potentially scalable for large-scale manufacturing [24, 25]. 
The present work adopts the DMD method to produce magnesium-based 
nanocomposites for the study undertaken.  
Although there has been a lot of research, especially in recent years, on the 
deformation response and constitutive modelling of magnesium alloys, e.g. AZ31 [26, 
27], most of the research efforts on magnesium-based nanocomposites focus on their 
synthesis. Studies on the deformation behaviour of magnesium-based nanocomposites, 
which have both an HCP lattice structure and nano-particles incorporated, are few 
[28-30]. Furthermore, most results in literature on mechanical characterization of 
these materials are for quasi-static loading. Studies on their dynamic response in 
terms of stress-strain relationships are limited [31].   
The quasi-static mechanical responses of metallic materials generally differ with 
their behaviour under dynamic loading. The strain rate sensitivity (SRS) for body-
centred cubic (BCC) metals is reflected in the yield stress dependence. In contrast, 
SRS for face-centred cubic (FCC) metals is manifested by their strain hardening 
properties [32]. An important consequence of such differences in strain rate 
dependences is the influence on ductility, in terms of the maximum tensile load strain. 
Ductility decreases with strain rate for BCC materials, while it increases with strain 
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rate for FCC materials; hexagonal close- packed (HCP) metals behave like either a 
BCC or an FCC material [32]. Titanium and its alloys follow the BCC case, while 
magnesium, zinc and cadmium follow the FCC case [32]. For magnesium and its 
alloys, plastic deformation of room temperature is primarily related to slip and 
twinning. Their SRS is closely linked slip and twinning activated during deformation 
[33].   
Dynamic loads, arising from accidental collisions or foreign-object impact, must 
be considered in the design of vehicles and aircraft, and therefore, an understanding of 
the dynamic behaviour of magnesium nanocomposites is crucial for their effective 
usage in such applications [28, 31]. The specific objectives of this study are 
summarized as follows: 
(1) Fabricate AZ31-based nanocomposites which are stronger and more ductile 
than monolithic AZ31; 
(2) Undertake uniaxial tension and compression tests on monolithic AZ31 and its 
nanocomposites in order to investigate their mechanical responses under 
quasi-static (~10-4 s-1) and high strain rate (~103 s-1) loading; 
(3) Investigate the effects of nanoparticle addition on the mechanical properties of 
the resulting nanocomposites subjected to low and high rate loading; 
(4) Model the effect of nanoparticle addition into AZ31, by developing a crystal 
plasticity model to describe the mechanical behaviour of the nanocomposites. 
The thesis is organized as follows: in Chapter 2, a literature review is presented 
and comprises four parts. The first part describes development of magnesium-based 
metal matrix composites. The second introduces deformation mechanisms in 
magnesium. The mechanical behaviour of magnesium single crystals and its alloys is 
presented in the third part, and the last part is related to the development of 
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constitutive modelling using crystal plasticity theory. Chapter 3 describes material 
preparation, metallurgical observation, and mechanical testing under quasi-static and 
dynamic loading; all the experiments conducted are elucidated in detail. Chapter 4 
focuses on analysis of the results. The microstructures of the materials observed using 
different microscopes are presented, and the effect of strain rate and nanoparticles are 
discussed. The interaction between extension twinning and nanoparticles, coupled 
with the influence of strain rate and texture are also investigated. A constitutive model 
based on crystal plasticity, which includes the effects of nanoparticles, is formulated 
in Chapter 5. For magnesium, dislocation slip and twinning are the main deformation 
mechanisms considered in this crystal plasticity model. The effect of nanoparticles is 
reflected in the hardening laws for slip and twinning. The simulation results, 
parameter calibration and deformation mechanisms discussed based on the results are 
also presented in Chapter 5. Chapter 6 lists conclusions deduced and proposes 
















Chapter 2 – Literature Review 
 
2.1    Development of magnesium based metal matrix 
composites 
“In the past 30 years, Metal Matrix Composites (MMC) have progressed from 
primarily a laboratory enterprise with only narrow commercial significance to a 
diverse and robust class of materials with numerous important application across a 
number of commercial markets” [15]. Fig. 2-1 shows different types of metal matrix 
composites. 
Although magnesium alloys, e.g. AZ31, AZ91, and AM60, have been successfully 
used in many industrial applications, their usage is still relatively less than that of 
aluminium alloys [4]. This is because of certain disadvantages of magnesium alloys, 
which include limited workability and strength at room temperature, poor corrosion 
properties and limited high temperature properties. MMC technology provides a 
potential means to improve the properties of magnesium alloys by the addition of 
suitable reinforcement. Ceramic particles such as SiC, Al2O3, and B4C are commonly- 
used reinforcement materials in a magnesium matrix [34]. These particles are in 
general, of micron or submicron length. However, while the use of these 
reinforcements leads to an improvement in strength, the ductility of the resulting 
composites is decreased, and this restricts their formability. A possible reason is that 
large ceramic particulates are prone to cracking during mechanical loading, which 
leads to premature failure and low ductility [35]. 
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In recent years, some studies have shown that use of nano-sized reinforcement in 
pure magnesium or its alloys, can simultaneously improve strength and ductility. 
Hassan’s work [36] demonstrated that the ductility of magnesium-based MMC (pure 
magnesium with a small volume fraction (0.22% ~ 2.49%) of nano-Al2O3, nano-Y2O3 
and nano-ZrO2 respectively) increases significantly by 70% to 300%. At the same 
time, its strength is also enhanced. Similar results have also be found by Ngyuen and 
Paramsothy [25, 37]. 
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2.2 Deformation mechanisms in magnesium  
Magnesium is the lightest structural metal, with a specific density of about 1.74 
g/cm3. It is the eighth most abundant element in the earth’s crust and the third most 
plentiful element dissolved in seawater [39]. Some properties of magnesium are 
presented in Table 2-1. Magnesium was first isolated as a metal by the French 
scientist Antoine Alexander Bussy in 1828. In 1886, commercial production of 
magnesium commenced in Germany, and subsequently spread worldwide. The 
amount of magnesium production increased significantly during World War II [8] . 
Magnesium has a hexagonal close-packed crystal structure, as shown in Fig. 2-2. 
Miller Bravais indices are used to define a coordinate system based on three basal 
vectors, 1a , 2a , 3a , and the longitudinal axis is denoted represented by ܿ, which is the 
axis of hexagonal symmetry.  
 
Table 2-1  Some physical properties of magnesium [8] 
Density (g/cm3) Melting point (oC) Young’s modulus 
(GPa) 
Poisson ratio 








          Fig. 2-2    Hexagonal close-packed structure: a unit cell of the lattice and a 
hexagonal  cell showing the arrangement of atoms [40]. 
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2.2.1 Slip and twinning systems in magnesium  
Over the past few decades, advances in dislocation theory show that the physical 
mechanism of plastic deformation of crystalline material is associated with the 
movement of dislocations. Various slip and twinning systems have been identified via 
research over the years, to be activated during plastic deformation of magnesium [41]. 
Basal slip and pyramidal twinning were first reported in 1939 by Beck as the 
deformation mechanism at low homologous temperatures [42]. Subsequently, 
prismatic a   slip systems were recognized as another active slip mode by Hauser 
et al. [43], Reed-Hill and Robertson [44], as well as Yoshinaga and Horiuchi [45]. 
Following this, Obara, Yoshinaga et al. [46] and Ando and Tonda [47] identified 
pyramidal c a    slip as another active deformation mechanism at low homologous 
temperatures. Fig. 2-3 shows the different slip and twin systems. 
Based on the von Mises criterion [48], activation of five independent plastic 
deformation systems are required to accommodate arbitrary plastic deformation in any 
given material. For magnesium, basal slip provides only two independent slip systems. 
There are also two independent slip systems for the prismatic a   slip mode. In 
total, there are four independent slip systems. To satisfy the von Mises criterion, 
deformation twinning plays an important role during plastic deformation in 
magnesium. Twinning can provide a deformation component in the < c > direction, 
which is strongly related to the ductility of magnesium. However, the amount of 
deformation resolved along the c   direction associated with the twinning volume 
was not sufficient to account for the ductility of Mg at low homologous temperatures 
[49]. Pyramidal c a    slip provides additional deformation component in the 
c   direction. However, this type of slip has a high critical resolved shear stress 
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(CRSS), and is not easy to activate during plastic deformation. Table 2-2 lists six 










Fig. 2-3    Plastic deformation modes in a hexagonal-close packed structure: (a) Basal 
a   slip systems, (b) prismatic a   slip systems, (c) pyramidal 
c a    slip systems and (d) tensile twin [50]. 
 
 
Table 2-2  Independent slip systems in HCP metals [51] 
Slip system Burgers vector type Slip direction Slip plane 
No. of slip systems 
Total Independent 
1 a 1120   {0001} 3 2 
2 a 1120   {1010}  3 2 
3 a 1120   {10 11}  6 4 
4 c+a 1123   {1122} 6 5 
5 c 0001   {1010}  3 2 
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2.2.2 Introduction to deformation twinning 
A twin is a region where the lattice orientation is a mirror image of that of the rest 
of the crystal [52]. Twins can be formed during both grain growth and deformation. 
Deformation twinning or mechanical twinning is the main concern in this study, and 
is involved in the plastic deformation of HCP materials. It is usually assumed that the 
evolution of twins includes two components: (1) the formation of a small twin region, 
nucleation; (2) its subsequent growth into a large twin, propagation [53]. The stress 
needed for nucleation is much higher than that for propagation [53]. The existence of 
defects in crystals can facilitate twin nucleation.   
Fig. 2-4 shows schematically, localized twinning in a crystal, where the two 
regions 1R  and 2R  are separated by a plane P  with a unit normal n  [54]. 1  is the 
direction of the twinning shear. 1K  is the twinning plane, which is neither distorted 
nor rotated during the shear. 2K  is another plane perpendicular to S , that remains 
undistorted during deformation twinning. The plane of shear S  contains 1  and the 
normal n . The first layer above the twinning plane is sheared by distance 0 . All the 
points in region 2R  are displaced in the 1  direction by an amount 1u , which is 
proportional to the distance above 1K , i.e. 1 0 2u x . A length in direction 2  in the 
plane S  will be the same length after shear has been applied, if the magnitude 
0 2 tan   is satisfied (the distance between layers is taken as a unit). The quantities 
1 2 1 2{ , , , }K K    are called twinning elements. There are four types of twinning systems 
which are commonly observed in HCP metals: {1012} 1011  , {1011} 1012  , 
{1122} 1123  , and {1121} 1 126   [55].  
 













            Fig. 2-4  (a) Depiction of twinning in a localized region in a crystal                   
(b) Crystallographic twinning elements [54] 
 
 
There are three important differences between slip and twinning [52]. Firstly, 
compared with slip, which can happen in opposite directions on a shear plane, 
twinning is polar; it can only happen in one direction on a twinning plane. The sense 
of the twin deformation is determined by the /c a  ratio [56]. Yoo [55] reviewed 
twinning in HCP materials in 1981 and gave his plot to show the variation of twinning 
shear with the /c a  ratio for different HCP materials (Fig. 2-5). One twinning mode 
most common to many HCP metals is {1012} 1011   [57]. The shear strain for this 
mode is calculated as follows [52]: 
( / ) / 3 3 / ( / )c a c a    (2-1)
For this twinning mode, when / 3c a  , twinning occurs when the basal plane is 
enlarged. When / 3c a  , twinning results when the basal plane is reduced in size, 
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temperature is 1.624 [52]. Thus, twinning in magnesium occurs when the sample is 
stretched parallel to the c  axis direction. Secondly, for slip, the magnitude of the 
shear displacement on a plane is nb , where n  is an integer and b is the Burgers 
vector. The value of n  varies for different slip planes.  Slip occurs on only a few 
parallel planes and the planes are separated by relatively large distances. However, 
shear displacement for twinning is a fraction of the Burgers vector b . Twinning shear 
occurs between successive planes. Another difference is that slip does not change the 














    Fig. 2-5    Variation of twinning shear with axial ratio. For the seven hexagonal 
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2.2.3 CRSS for different slip and twinning systems in magnesium 
The activation of slip and twinning systems are generally related to the CRSS. 
When the resolved shear stress on certain slip or twinning plane is equal to or larger 
than the value of its CRSS, this slip or twinning system will be activated and 
contribute to plastic deformation of the crystalline material [52, 58]. The experimental 
values of the CRSS for the slip and twinning modes in magnesium single crystals and 
alloys are reported in many publications [44, 46, 59-61]. In general, basal slip and 
tension twinning in a pure magnesium single crystal have much lower CRSS values 
compared to other modes [62], as shown in Fig. 2-6 [63], where TT denotes tension 
twinning and CT refers to compression twinning; these can be easily triggered even 
with a small Schimd factor for these systems.  The ratios of CRSS values between 
hard and soft slip systems span one or two orders of magnitude for a pure magnesium 











    Fig. 2-6    Experimental values of CRSS for slip and twin modes in pure Mg single 
crystals [63] 
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However, values derived from measurements and modelling of magnesium 
polycrystals show that variation of the CRSS for different slip systems is much less 
than that in a single crystal [64]. This striking contrast is related to another 
phenomenon: the stress for yield and plastic flow in magnesium polycrystals is always 
much larger than that for magnesium single crystals. Grain boundary hardening, 
constraints from neighbouring grains and solute effects are all possible reasons for the 
higher yield stress. Considering these factors, Hutchinson and Barnett [64] proposed 
that: 
c r     (2-2)
where   is the applied stress at yield; c  is the local resolved shear stress, and r  the 
stress which arises from the presence of grain boundaries, second-phase particles and 
other microstructure factors in polycrystrals. Therefore, the ratio of CRSSs in 
magnesium polycrystals can be understood in terms of their CRSS values as follows: 
,
,
prism c prism r
basal c basal r
  
  
   (2-3)
where ,c prism  and ,c basal  are CRSSs of prismatic a   slip and basal slip in 
magnesium single crystals, respectively; prism  and basal  are the effective values of 
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2.3 Mechanical behaviour of magnesium and its alloys 
2.3.1 Mechanical behaviour of pure magnesium single crystals 
There are many research efforts reported on the mechanical behaviour of 
magnesium single crystals [44, 65-67]. The stress-strain response of magnesium 
single crystals depends strongly on the loading and constraint directions (Fig. 2-7). In 
1967, Kelley and Hosford studied the mechanical behaviour of single crystals of pure 
magnesium with seven different orientations, subjected to channel die compression 
[68]. The significantly dissimilar results are the result of different slip or twin systems 
which are activated and in operation during compression testing. In Fig. 2-7 (a), basal 
slip (0001) 1210   accounts for 4% strain in crystals with orientations 
corresponding to curves A and B before fracture. Although c-axis compression would 
not activate basal slip, a very slight misalignment can cause this to occur. For the 
curves C and D, with the crystal orientations shown in Fig. 2-7 (b), the difference in 
the initial portion of the stress-strain curves arises from different constraint directions. 
Orientation D can activate basal slip during initial deformation and the corresponding 
stress-strain slope differs from that for orientation C. For the E and F configurations 
in Fig. 2-7 (c), {1012}  twinning is not suppressed. The initial portion of the stress-
strain curves, up to 6% strain, can be accounted for by the {1012}  twinning mode. 
However, the rotation angles after twinning for orientations E and F are different 
causing the curves to be differed significantly after 6% strain. For the E configuration, 
the crystal rotates by 86o, such that the final orientation is only ~3.7o away from the 
loading direction. However, the normal to the basal plane for orientation F has an 
angle ±31o to the loading direction after twinning (rotating). 
 







































Fig. 2-7    Stress-strain curves for pure magnesium single crystals compressed along 
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By applying plane strain compression, Chapuis and Driver (2011) studied the 
temperature dependence of slip and twinning for magnesium single crystals [69]. 
They examined four orientations of single crystals with different temperatures (21, 
150, 250, 350 and 450 oC). Their results show that basal slip and {1012}  tensile 
twinning are slightly temperature-dependent. In contrast, prismatic a  , pyramidal 
c a    slip and compression twinning systems {10 11} and {10 13}  possess CRSS 
values which decrease substantially with temperature. Partridge’s work [70] showed a 
similar temperature dependence of the CRSS for basal and prismatic slip in 
magnesium (Fig. 2-8). 
{1012}  tensile twinning plays an important role in deformation of magnesium 
single crystals. Bian and Shin compressed magnesium single crystals along the 
[2 1 10]  direction, which is perpendicular to the c-axis [71]. The results show that 
{1012}  primary twinning follows the Schmid factor criterion in Mg single crystals, 
while secondary {1012}  twins within the wide primary {1012} twin bands show non-
Schmid behaviour. In the work by Syed et al. [72], compression along the [0001]  
direction for Mg single crystals was applied and this loading direction was thought to 
suppress the activation of {1012} twinning. Thereafter, pyramidal c a    slip was 
confirmed to be the dominant mode for plastic deformation. Contraction twins 
{10 11} 1012   were observed but these were few. They reported that tension twins 
{1012}  occurred only during unloading. 
In summary, the orientation of magnesium single crystals, constraint directions 
and temperature are important factors which significantly affect the activation of slip 
and twinning systems in crystals, and therefore the resulting stress-strain behaviour.   
 













Fig. 2-8    Temperature-dependence of the critical resolved shear stresses for basal 
and prismatic slip in magnesium and titanium [70]. 
 
 
2.3.2 Mechanical behaviour of magnesium alloys 
Magnesium alloys usually have an enhanced yield stress, ultimate strength, and 
higher ductility compared to pure magnesium, because of the addition of alloying 
elements, such as aluminium, zinc, manganese, rare earths, etc. In terms of dislocation 
theory, the addition alloying elements may prevent the dislocation movement in 
crystals or facilitate it. Furthermore, the activation condition or CRSS of the slip and 
twinning modes may be modified and the effect is reflected in terms of different 
stress-strain curves of bulk materials.  
Kelley and Hosford [68] applied channel die compression at seven different 
orientations to magnesium alloy single crystals, Mg with 0.5% thorium and Mg with 4% 
lithium. Single crystal Alloys show higher strengths in all directions compared to pure 
magnesium crystals. This is attributed to solution strengthening by the alloying 
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elements on the basal slip and {1012}  twinning systems. The exceptions for 
orientations C and D (Fig.2-9) in magnesium-lithium crystals arise because Mg-4% Li 
displays a much lower post-yield strength than that of pure magnesium and Mg-
0.5%Th. This is the result of activation of prismatic {10 10} 1210   slip, which is 
not observed in either pure magnesium or Mg-0.5%Th. 
Compared to single crystals, the plastic deformation of polycrystalline materials is 
much more complicated. Factors such as grain size, texture, grain boundary are 
involved in deformation. Jain et al. applied tension to samples of magnesium alloy 
AZ31 with grain sizes spanning 13 to 140 μm [73]. The yield stress showed grain size 
dependence consistent with the Hall-Petch law (Fig. 2-10), resulting in two straight 
lines for two directions  rolling and transverse directions. Consider the variation for 
the rolling direction, the linear line indicates that grain size governs the yield stress, 
while the relative amount of slip and twinning is not significantly affected by grain 
size. Similar results for room temperature presented by Alireza and Barnett showed 
that the twin volume fraction for AZ31 during compression is insensitive to grain size 
for the range of 5.1 to 55 μm [74].  Barnett et al. also reported similar results for 
AZ31 with grain sizes between 3 and 23 μm [75, 76]. However, when the temperature 
is increased (T > 150oC), there is a transition of the dominant deformation 























Fig. 2-9    Stress-strain curves for pure magnesium single crystals compressed along 


























Fig. 2-11    Mechanical response of AZ31 for simple compression and tension at room 
temperature and a constant strain rate of 10-3 s-1 [77]. 
 
 
Texture plays on an important role in the plastic deformation of magnesium and 
its alloys. Strong asymmetry in the stress-strain curves between tension and 
compression of magnesium alloys has been established to be attributed to both the 
textured microstructure of HCP material and the polarity of twinning activation (Fig. 
2-11) [77-79]. In 2001, Mukai et al. studied the influence of texture on tensile 
properties of magnesium alloy AZ31 [11]. Two types of AZ31 samples were tested: 
extruded AZ31 in one direction, and AZ31 after equal-channel-angular-extrusion 
(ECAE). To avoid grain size effects, AZ31-ECAE was annealed to the same grain 
size with the samples extruded in one direction. The texture in samples of ECAE was 
different from the texture of the counterpart. This difference was analysed to be the 
main reason for the significantly enhanced ductility of ECAE samples, compared to 
the counterpart (Fig. 2-12). In the work by Del Valle et al. [80], the effect of texture is 
also confirmed via its influence on work hardening in magnesium alloy polycrystals. 
Moreover, it has been shown that texture has a strong effect on dislocation storage 
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and dynamic recovery during plastic deformation. Yi et al. [81] investigated extruded 
AZ31 samples cut at 0o, 45o and 90o to the extrusion direction, and applied tension 
and compression. For the different orientations (i.e. 0o, 45o and 90o), the textures with 
respect to the loading direction also differed. The results show that for the different 
textures during deformation, the dominant slip or twinning systems are different. 
Basal a   slip and tension twinning are active during both tension and compression 
of the 90o sample, whereas non-basal a   slip modes play an important role in 
tension, and c a    slip is only significant in compression.  
 












Fig. 2-12    Nominal stress-strain relations for the annealed AZ31 alloy followed by  
ECAE, and the same alloy by direct extrusion [11]. 
 
 
Because of its limited formability at room temperature, the high temperature 
behaviour of magnesium alloys has attracted a lot of interest [82]. Jian and Agnew [83] 
studied the behaviour of AZ31 sheet samples along three directions (rolling direction, 
out of plane direction and transverse directions) over the temperature range from 22 to 
250 oC. It has been found that the CRSS values for basal slip are constant, while that 
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of twinning increased slightly with temperature. The CRSS for prismatic a   and 
pyramidal c a    slip modes decreased with temperature. These thermally 
activated slip systems were analysed and identified to be the main reasons for the 
enhanced ductility at moderate temperatures (100-200 oC), as shown in Fig. 2-13. In 
the work by Yi et al. [84], similar results were found that high activation of pyramidal 
c a    slip systems during tensile deformation was observed for temperatures ≥ 
200 oC and dynamic recrystallization (DRX) under tension was observed for 


















2.3.3 Mechanical behaviour of magnesium alloys under dynamic loading 
With respect to potential applications in vehicles, aircraft and armour, an 
understanding of the dynamic behaviour of Mg alloy and its composites is necessary 
to evaluate their response to dynamic loads associated with accidental collisions or 
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foreign-object impact [31]. There are several reports on the strain rate dependence of 
Mg alloys and its composites. Tucker et al. [85] applied dynamic compression to 
rolled magnesium alloy AZ31 at strain rates up to 103 s-1. The samples were loaded 
along three directions: rolling, out of plane (i.e. normal direction), and transverse. As 
shown in Fig. 2-14, samples loaded in the out of plane direction show a strong 
dependence of the compressive yield stress, hardening rate and ductility on strain 
rates, while there is no strain rate sensitivity of the yield strength for the rolling and 
transverse directions. A marked increase in hardening was observed for the rolling 
and transverse directions after a certain strain level. These results show that texture of 
AZ31 plays an important role in plastic deformation at both quasi-static and high 










Fig. 2-14    Compressive stress-strain response of AZ31, showing the influence of  
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Li et al. [12, 86] investigated the dynamic tensile and compressive  responses of 
ultrafine-grained ZK60 Magnesium alloy with grain size ~1.0 μm, processed by 
equal-channel angular pressing (ECAP). The strain rate spanned 10-4 to 104 s-1. Steep 
strain hardening was observed at high compressive strain rates. Another notable 
observation was the sigmoidal profile of the stress-strain curves for both quasi-static 
and high strain rates, which strongly indicated the activation of {1012} 1011   
tensile twinning in small grains. The presence of this twinning mode was also 
confirmed by XRD scanning of the texture before and after deformation. 
  Hasenpouth [87] studied the high rate tensile behaviour of two types of AZ31 in 
sheet-form: AZ31B-O and AZ31B-H24. The strain rates applied varied from 10-3 to 
103 s-1 and the temperature encompassed the range from room temperature to 300 oC. 
The results indicated significant strain rate sensitivity (SRS) for both materials, and 
this increase with strain rates for both the O and H24 temper conditions. In contrast, 
the strain rate has a different effect on the ductility of the two materials. For AZ31B-
O, the ductility is improved significantly under high strain rate loading, while AZ31B-
H24 exhibits similar ductility at both low and high strain rates. Fig. 2-15 (a) shows the 
stress at 5% plastic strain for the two materials for two directions of loading – the 
sheet rolling direction and the transverse direction. Fig. 2-15 (b) shows the combined 
effect of temperature and strain rate. The homologous temperature in the figure is 







   (2-4)
where hT  is the homologous temperature, T  the actual temperature, 0T  being absolute 
zero and mT  the melting temperature. 
 























Fig. 2-15    Comparison of strain rate effect on tensile stress at 5% plastic strain at (a) 
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Yokoyama [88] investigated the tensile impact response of three wrought Mg 
alloys (AZ31B-F, AZ61A-F, and ZK60A-T5). The highest strain rate applied was 
~1000 s-1.  With respect to the degree of strain rate sensitivity of the flow stress, three 
materials ranked according to (i) ZK60A-T5 alloy (ii) AZ31B-F alloy (iii) AZ61A-F 
alloy. With respect to energy absorption  i.e. an area under the stress-strain curve, 
AZ31B-F and AZ61A-F alloys exhibited positive rate sensitivity, whereas ZK60A-T5 
displayed negative rate sensitivity. 
Ulacia et al. [62, 89] studied AZ31 alloy in sheet-form at two strain rates  10-3 
and 103 s-1 and at temperatures between 25 to 400 oC. Based on their tension and 
compression test results, a transition from twin to slip dominated flow was observed 
at ~200oC for low strain rates. In contrast, the amount of tension twinning increased at 
high strain rates and remained the predominant deformation mechanism for 
compression along rolling direction at high temperatures (400 oC). Another 
contrasting result between low and high rate behaviour is that the yield stress of AZ31 
become isotropic at ~200 oC at low strain rates, while at high strain rates, the yield 
stress in tension and compression differs, even at very high temperatures (400 oC). 
Watanabe and Ishikawa [90] applied dynamic compression at high strain rates (103 s-1) 
to samples of extruded AZ31 alloy rod at temperatures up to 400 oC. Samples cut 
along the longitudinal and transverse directions were studied. The primary finding 
was that for both types of specimens at high strain rates, the yield stress remained 
unchanged up to 400 oC. In the work done by Tan et al. [91], the mechanical response 
of extruded AZ31 alloy at high strain rates and temperatures up to 400 oC was 
investigated. A notable point was that adiabatic shear banding and adiabatic shear 
localization occurred at strain rates of ~103 s-1. 
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Although there are numerous studies on the dynamic behaviour of AZ31 alloy, 
information on the dynamic properties of magnesium nanocomposites is very limited. 
Recently, Guo et al. [28, 31] reported the dynamic tensile and compressive response 
of Mg-6wt.%Al alloy-based composites containing 0.22vol% alumina nanoparticles. 
The results showed that in terms of the yield stress and strain hardening, the 
compressive behaviour is almost insensitive to strain rate. However, there was a 
notable increase in ductility for dynamic compression, compared to quasi-static 
compression. With respect to tensile properties, the nanocomposite exhibited 
significantly higher yield stresses and ductility under dynamic loading. However, 
compared to monolithic AZ31, the addition of nanoparticles had no obvious influence 
on the tensile response. Habibi et al. [92] studied the low and high strain rate tensile 
and compressive properties of pure Mg-based composites reinforced by sub-micron 
Al particles and carbon nano-tube (CNTs)  fillers. The flow stress of the composite 
for both tension and compression was increased significantly at high strain rates. 
Compared to the monolithic Mg, the presence of hybrid Al-CNT particles was found 
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2.4 Constitutive modelling using crystal plasticity theory 
The physics of single crystal plasticity was established by Ewing and Rosenhain, 
Taylor, Schmid and others [93] in the early 20th century. Their experimental results 
demonstrated that at room temperature, the major mechanism for plastic deformation 
is the movement of dislocations through a crystal lattice. A comprehensive review of 
the early work done in this area can be found in Asaro’s work [94]. 
A polycrystal is an aggregation of a large number of single crystal grains of 
different orientations. The preferred orientation distribution is called the 
crystallographic texture [95]. Polycrystal plasticity employs the fundamental 
mechanisms of single crystal deformation to study the macromechanical behaviour of 
polycrystalline metals. There are two basic assumptions proposed in early studies: (i) 
all single crystal grains within an aggregate experience the same state of stress; this 
was proposed by Sachs [96]; (ii) Taylor stated that all grains experience the same state 
of deformation [97]. The Sachs model is suitable to model materials with soft grains, 
as it ignores stresses heterogeneity among grains, while the Taylor model is suitable 
for the plastic deformation of metals which has small and moderate plastic strain 
heterogeneity [98]. However, these two models cannot satisfy both strain 
compatibility conditions and stress equilibrium across grain boundaries 
simultaneously. 
Subsequently, self-consistent models were proposed to ensure compatibility as 
well as equilibrium between grains [99-101]. In a self-consistent model, the aggregate 
behaviour is represented by a collection of orientations, and each orientation 
represents all the grains with that orientation and is treated as an equivalent grain 
embedded in a homogenous effective medium (HEM). The HEM is an aggregate of 
all the equivalent grains and its properties are uniform but not known as a priori. The 
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term “self-consistent” implies that the applied stress and strain should be consistent 
with the average experienced by the aggregate [102]. An important aspect of a self-
consistent model is that it does not take into account specific interactions between an 
individual grain and its neighbours, because it only considers the interaction between 
a given orientation (i.e. an equivalent grain) and the rest of the HEM material.  
Among SC models, the visco-plastic self-consistent (VPSC) model is widely adopted 
[99]. Subsequently, an elasto-plastic self-consistent (EPSC) model and a finite strain 
elastic-viscoplastic self-consistent model were developed [50, 100]. 
With the development of finite element theory, the combination of crystal 
plasticity with finite elements resulted in crystal plasticity finite-element (CPFE) 
modelling. One significant advantage of CPFE models lies in their ability to solve 
crystal mechanics problems involving complicated internal and/or external boundary 
conditions [103]. Furthermore, the CPFE approach offers great flexibility of including 
not only the influence of dislocations, but also other mechanisms which follow dyadic 
kinematics, such as martensite formation, shear band formation, mechanical twinning, 
and superplastic grain boundary shear [103]. The CPFE method allows users to 
implement these shear mechanisms and their interactions. The first CPFE simulations 
were performed by Peirce et al. [104]. Subsequently, the CPFE method has matured 
into an entire family of constitutive and numerical formulations that have been 
applied to a wide variety of crystal mechanics problems. 
Asaro and Needleman  established a rigorous constitutive framework for 
modelling the evolution of both anisotropic stress-strain responses and 
crystallographic texture during finite deformations [105]. However, their model 
considered only crystallographic slip as the plastic deformation mechanism. In 1998, 
Kalidindi  modified crystal plasticity constitutive models (CPCM) to include twinning 
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as an additional deformation mode into the evolution equation describing plastic 
deformation [106]. This approach allows the employment of crystal plasticity theory 
together with deformation twinning. The application of this model can be found in 
work done by Wu and Salem et al. [107, 108]. 
Staroselsky and Anand  proposed a rate-independent CPCM that was incorporated 
into ABAQUS/Explicit finite element software via a user-defined material subroutine 
(VUMAT) in order to simulate plastic deformation of AZ31B magnesium alloy [26]. 
This model included both slip and twinning as plastic deformation mechanisms. The 
authors first constructed a single crystal plasticity model, which includes an isotropic 
term to account approximately for the effects of grain-boundary sliding.  Then, a 
finite element representative volume element (RVE) is assumed in order to model a 
single crystal. The deformation behaviour of a polycrystalline aggregate can be 
simulated by assembling together a number of such RVEs. They employed Van 
Houtte’s method [109] to update the reorientation of a single grain due to twinning. 
The volume fraction of each twin system in a single grain is represented by ௜݂ , and 
the maximum value is max{ }if f .They used a random number [0.3,1]   to define 
a representative maximum value of ݂ in an RVE. If f  , then the orientation of the 
RVE will be replaced by the twin related orientation, and if  is reset to zero. In this 
study, a rate-dependent crystal plasticity finite element model is developed based on 
Staroselsky and Anand’s framework, to describe the mechanical behaviour of AZ31-
based nanocomposites; the effect of nanoparticle addition will be incorporated into 
the hardening laws governing the CRSS for slip and twinning. 
 
 




Chapter 3 – Experiments  
 
This Chapter describes the experiments undertaken, and includes information on 
the raw material used, procedures related to material fabrication using the 
Disintegrated Melt Deposition (DMD) method, microstructure characterization via 
optical microscopy and Field Emission Scanning Electron Microscopy (FESEM), and 
fracture surface characterization by FESEM. Also described are mechanical testing 
under quasi-static tension and compression using an Instron universal testing machine 
and dynamic tensile and compressive tests using Split Hopkinson Bar (SHB) devices. 
An overview of all the experiments is shown in Fig. 3-1. 
 
3.1 Materials Used 
AZ31 magnesium alloy (60 mm diameter round bar supplied by Tokyo 
Magnesium Co. Ltd.) with a chemical composition (provided by Tokyo Magnesium 
Co. Ltd) of 2.9% Al, 0.8% Zn, 0.6% Mn, 0.0023% Fe, 0.0012% Cu, 0.011% Si, 
0.0004% Ni, and the rest being Mg, is used as the matrix of a metal-matrix composite 
(MMC). The as-supplied round bar is cut into smaller disks of 55 mm thickness. To 
promote a good distribution of the filler particles in the AZ31 matrix, 8 mm diameter 
holes, 45 mm deep, are drilled into the disks. Subsequently, 50 nm alumina particles 
(99.99% purity, supplied by Baikowski, Japan) are used to fill these holes (Fig. 3-2). 
Four volume percentages of Al2O3 reinforcement (0%, 1%, 1.4%, and 3%) are 
selected for the AZ31 magnesium alloy.  
 

















    





              
Fig. 3-2    Array of holes in AZ31 disk to contain particles 
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3.2 Primary processing (DMD) 
The monolithic and MMC materials are synthesized using a DMD technique (Fig. 
3-3). Raw AZ31 material disks with the desired volume percentage of Al2O3 particles 
deposited into the cavities are placed into a graphite crucible. The crucible is then 
placed in a resistance furnace and heated to 750oC in an inert Ar gas atmosphere. 
When this temperature is reached, the molten slurry is stirred at a speed of 450 
rev/min by a twin blade (pitch 45o) mild steel impeller for 5 min to facilitate the 
incorporation and uniform distribution of the particle reinforcement in the metallic 
matrix. The impeller is coated with Zirtex 25 (86% ZrO2, 8.8% Y2O3, 3.6% SiO2, 1.2% 
K2O and Na2O, and 0.3% trace inorganic) to avoid contamination of the molten metal 
by iron. The crucible is designed with a graphite plug at the bottom. After stirring, the 
plug is pulled out and the melt is rapidly released through a 10 mm diameter orifice. 
The composite melt is disintegrated by two jets of argon gas oriented normal to the 
melt stream at the top of a mold (the argon gas flow rate is set at 25 L/min). The 
disintegrated composite melt slurry is then deposited onto a metallic substrate located 
500 mm below the disintegration point. A 40 mm diameter ingot is obtained following 
this deposition stage. The synthesis of monolithic magnesium alloy is carried out via 
similar steps, except that no reinforcement is added. 
 
3.3 Hot extrusion 
The monolithic and nanocomposite preforms are machined into cylinders, 36 mm 
in diameter and 45 mm in length. According to ASTM E8/E8M standards for tensile 
tests, the diameter of the gauge length of dog bone tensile specimens should be 6.0 ± 
1.0 mmm. The diameter at the two gripped ends should be larger than 7 mm. Thus, 
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the diameter of the extruded bar is chosen to be 8 mm. Subsequently, these cylinders 
are hot extruded with an extrusion ratio of 20.25:1; this is driven by a 150 ton 
hydraulic press. The cylinders are heated and maintained at 400oC for 60 min in a 
constant temperature furnace before extrusion; thereafter, extrusion is carried out at 
350oC. Colloidal graphite is used as a lubricant and sprayed onto the surface of these 











Fig. 3-3    Schematic diagram of disintegrated melt deposition technique [110] 
 
 Discharge 
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3.4 Microstructure characterization 
Microstructural characterization is undertaken to investigate aspects such as grain 
size, grain morphology, presence and distribution of reinforcements, and interfacial 
integrity between the matrix and secondary phases.  
Samples of the materials produced are ground, polished and etched. The etching 
solution is a mix, comprising 10 cm3 acetic acid, 5 cm3 picric acid and 95 cm3 ethyl 
alcohol. After 10 to 20 seconds of etching, microstructural features such as grain 
boundaries, distribution of secondary phases can be observed. An OLYMPUS 
metallographic optical microscope and an FESEM-S4300 equipped with EDS are 
used for imaging. A software, ImageJ, is employed to analyse the images obtained. To 
investigate the change in microstructures after deformation, material samples after 
quasi-static and dynamic loading are sectioned and observed.  
 
3.5 Density measurement 
To estimate the porosity of materials after DMD casting followed by hot extrusion, 
their densities are measured using a Mettler Toledo density kit, which operates on 
Archimedes’ principle. An electronic balance (Mettler Toledo AB304-S analytical 
balance scale) with a resolution of 0.1 mg is used to measure the mass. The reference 
density of each nanocomposite is calculated using the following rule-of-mixtures: 
(1 )r p p p mV V      (3-1)
where ߩ௥ is the reference density of each material; ௣ܸ is the volume fraction of the 
nanoparticles; 	ߩ௣  is the density of the nano-particles and ߩ௠  is the density of the 
matrix material.  
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A comparison between the reference and measured densities of these materials is 





    (3-2)
where ߩ௘ is the experimentally measured density. The density values for the matrix 
material and reinforcement used for calculating the reference density are [111, 112] 
3
31 1.77 /AZ g cm   and 2 3 33.96 /Al O g cm   
 
3.6 X-ray diffraction studies 
X-ray diffraction (XRD) analysis was carried out on the polished specimens using 
an automated Shimadzu LAB-X XRD-6000 diffractometer (Cu Kα, λ=1.54056 Ǻ) 
with a scanning speed of 2 deg/min. XRD analysis was used to identify phases in the 
material produced, to investigate the change in the preliminary texture after adding 
nanoparticles, and to study the texture evolution after plastic deformation under quasi-
static and dynamic loading. 
 
3.7 Quasi-static tension and compression tests 
3.7.1 Tensile tests 
The tensile properties of extruded samples are determined in accordance with 
ASTM test method E8M-05, using an Instron 8874 universal testing machine 
operating at a crosshead speed of 0.254 mm/min (Fig. 3-5 (a)). Specimens are 
fabricated using a CNC machine, and the dimensions of dog-bone tensile specimens 
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are shown in Fig. 3-4 (a), whereby the diameter of the gauge section is 5 mm and the 
gauge length is 25 mm. An Instron extensometer (± 12.5 mm) is used to measure the 
strain. In the quasi-static and high strain rate tension and compression tests, three 
specimens were tested for each loading condition and material. The values reported 

















Fig. 3-4    Quasi-static (a) Tensile and (b) compressive test specimens (unit: mm) 
 
 
3.7.2 Compression tests 
The compressive properties of the extruded materials are determined in 
accordance with ASTM test method E9-89a using an Instron 8874 universal testing 
machine operating at a crosshead speed of 0.254 mm/min (Fig.3-5 (b)). Specimens are 
machined using a lathe and sliced into 7 mm-length disks by a precision parting 
machine with a diamond wafering blade. The specimen diameter and length are both 7 
(a) 
(b) 
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mm (Fig. 3-4 (b)), yielding a length to diameter ratio of unity. An Instron 
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3.8 Dynamic mechanical tests using Split Hopkinson Bar 
(SHB) Devices 
In the early 1900s, Bertram Hopkinson, a pioneer researcher in dynamic stress 
analysis, developed the Hopkinson Pressure Bar. In 1949, it was modified by Kolsky 
to become the Split Hopkinson Pressure Bar (SHPB), otherwise known as the Kolsky 
Bar [113]. However, this was limited to compression testing. In 1983, Harding and 
Welsh, made further improvements to the Kolsky Bar and developed the tensile SHB 
[114]. Since then, continuous improvements are still being made to SHB arrangement 
for different materials. To investigate the dynamic mechanical properties of the 
monolithic and composite materials in this study, Split Hopkinson Bar (SHB) devices 
were employed to apply high strain rate loading to specimens.  
 
3.8.1 Tensile tests 
Dynamic tensile tests were conducted using a Split Hopkinson Tensile Bar 
(SHTB), as shown in Fig. 3-8 (a). In an SHTB, a specimen is mounted between the 
input and output bars, using screw thread connections (Fig. 3-6). The gauge length of 
dog-bone specimens for dynamic tests was 7.5 mm and the diameter was 3 mm. The 
input and output bars, of the same diameter, are made from high strength steel 
(ASSAB tool steel). A 0.5 m long tubular striker, made of the same material, is 
propelled by compressed gas to strike an anvil attached to the end of the input bar, 
thereby generating a tensile loading pulse (incident stress pulse) as shown in Fig. 3-7. 
An aluminium ring is employed as a pulse shaper and attached to the anvil (Fig. 3-8 
(a)) to improve the profile of the incident pulse by reducing spurious oscillations. The 
incident pulse propagates from the input bar to the interface with the specimen. Part 
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of the stress wave is transmitted through the specimen into the output bar while the 
rest is reflected back into the input bar. The strain waves in these two bars are 
measured by pairs of strain gauges mounted diametrically-opposite to each other, and 














Fig. 3-7    Typical stress wave recorded during dynamic tests 
 
Based on one-dimensional stress wave theory, the strain rate  t , engineering 
strain ( )t and engineering stress ( )t  histories of the sample can be calculated from 
[113]: 
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where  I t  is the incident strain pulse and  T t  the transmitted strain pulse; 0L  and 
0A are the gauge length and cross-sectional area of the specimen; BA and BE  are the 
cross-sectional area and Young’s modulus of the input/output bars. BC  is the 
longitudinal elastic wave speed in the bars, which is obtained from: 
/C E    (3-4)
where ρ is the density of the bar material. 
 
3.8.2 Compression tests 
For a compressive SHB, a cubic specimen is sandwiched between the input and 
output bars, as shown in Fig.3-8 (b). The dimensions of the cube are 5 × 5 × 5 mm, 
and the interfaces between the specimen and the bars are lubricated to reduce friction. 
A striker of the same diameter as the input/output bars is propelled to strike the free 
end of the input bar, generating a compressive stress wave which propagates in 
similar fashion to that in a tensile SHB. A pulse shaper is placed between the striker 
and the input bar. Strain gauges and an oscilloscope are used to measure and record 
the strain waves. 
 
3.9 Fractography 
Facture surface investigation was carried out using an FESEM (model: Hitachi S-
4300). The fracture surfaces of the monolithic materials and nanocomposites were 
examined to identify the effect of the nanoparticles on the failure mechanisms. The 
effect of strain rate on failure is also investigated by observing the facture surfaces of 
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specimens subjected to quasi-static and dynamic loading. Differences in failure 































Chapter 4 – Mechanical properties of 
magnesium nanocomposites under quasi-static 
and dynamic loading 
 
4.1 Introduction 
It is well-known that poor ductility is one of the main drawbacks of magnesium 
and its alloys. Recently, some studies have demonstrated that adding a small amount 
of nanoparticles into magnesium or its alloys can increase the ductility of the resulting 
composites significantly. Tun [34] reinforced pure magnesium by adding 0.17vol% 
and 0.7vol% of Y2O3 nanoparticles (30~50 nm) through power metallurgy fabrication. 
The ductility of the composite for tension was increased by 7% ~ 15%. In the work 
done by Paramsothy [30], 1.5vol% Al2O3 nanoparticles was added to AZ81 
magnesium alloy using solidification processing (disintegrated melt deposition), 
followed by hot extrusion. The resultant tensile and compressive failure strains of the 
nanocomposites were increased by 66% and 18%, respectively. In other reports [20, 
23, 115], pure magnesium and AZ31 magnesium alloy based nanocomposites 
reinforced by Al2O3 nanoparticles also showed increased ductility.  
A common magnesium alloys AZ31, is used extensively in many industries. As 
presented in Chapter 2, the dynamic mechanical properties of AZ31 have been studied 
by many researchers. Its mechanical behaviour is significantly influenced by grain 
size, texture and strain rate. However, there appears to be no work on the dynamic 
response of the nanoparticle reinforced AZ31 magnesium alloy.  




The aim of the present effort is to investigate the dynamic mechanical properties 
of AZ31 alloy-based nanocomposites  i.e. reinforced by 50-nm Al2O3 nanoparticles. 
The addition of nanoparticles is the primary reason for the difference in mechanical 
properties between the nanocomposites and the AZ31 matrix. Its influence on 
dynamic loading is also examined. The interaction between the nanoparticles and the 
plastic deformation mechanisms  slip and twinning, will be examined to account for 
the macro-level behaviour of the composites under dynamic loading.   
 
4.2 Experimental results for tensile properties and 
discussion 
4.2.1    Macrostructure 
Fig. 4-1 Shows (a) the ingot after initial surface removal, and (b) an extruded bar 
of the material. The monolithic and nanocomposites produced did not display any 
evidence of macropores or shrinkage. After extrusion, there was also no evidence of 






Fig. 4-1  Macrographs of (a) cast ingot and (b) extruded rod. 
(a) (b)




4.2.2     Microstructures 
Results from density measurement and FESEM images to determine the density 
and grain size of the materials studied are presented in Table 4-1. The reference 
density is the density calculated using the rule-of-mixtures, and the small difference 
between the reference value and experimentally-measured densities indicates that 
porosity in these materials is negligible. A reduction in average grain size associated 
with the presence of nanoparticles can be observed from the results in Fig. 4-2. 
AZ31/1.4Al2O3 has the smallest average grain size of 1.12 μm, which is about 58% 
the average grain size in monolithic AZ31. This grain refinement can be attributed to 
the ability of the nanoparticles to nucleate crystallized grains and inhibit grain growth 
[14, 116, 117]. Fig. 4-3 shows the nanoparticle distribution in AZ31/1.4Al2O3; the 
small white spots in Fig. 4-3(b), which are individual Al2O3 nanoparticles, indicate 
that they are distributed quite uniformly in the matrix. In addition, no voids between 
the second phase (Al12Mg17) and the matrix are observed in Fig. 4-3(a). It is noted that 
the grains in the composite with 3vol% nanofillers, are larger than those in the 
composite with 1vol% of nanoparticles. Reduction in grain size by the addition of 
nanoparticles may have a limit. Similar results have been reported by Kang and Chan 
[118] for Al2O3 nanoparticle-reinforced aluminium matrix composites. The use of 
nano-size particles means that the surface area to volume ratio is very large (i.e. 1.2 × 
108 m-1 for a 50nm sphere). When the volume fraction of nanoparticles increases from 
1.4% to 3%  i.e. by 2.1 times, the surface area also increases by the same amount 
(2.1 times), which is more than double the original; this is significant. Therefore, it 
becomes much harder to distribute the nanoparticles uniformly in the matrix, and the 
agglomeration/cluster of nanoparticles may degrade the grain-size-reduction effect 
instead.      






Table 4-1  Density and grain morphology of AZ31 and its nanocomposites 
Materials Reinforc. (Vol.%) 




Reference Experimental Size ሺߤ݉ሻ Aspect 
ratio 
AZ31 0.0 1.7700 1.7781 ± 0.0062 - 0.46 4.09 ± 0.56 1.58 ± 0.43 
AZ31/1.0Al2O3 1.0 1.7831 1.7871 ± 0.0040 - 0.22 1.33 ± 0.47 1.64 ± 0.51 
AZ31/1.4Al2O3 1.4 1.8007 1.7910 ± 0.0061 - 0.53 1.12 ± 0.43 1.59 ± 0.42 
















                    
   
Fig. 4-2    Optical micrographs showing grain characteristics of (a) AZ31; (b) 



































Fig. 4-3    SEM micrograph showing the nanoparticle distribution of AZ31/1.4Al2O3 
(a) low magnification; (b) white spots are Al2O3 nanoparticles. 
 
 
4.2.3     Texture change during quasi-static and dynamic tensile tests       
Three types of specimens of AZ31 and AZ31/Al2O3 nanocomposites  before 
testing, after quasi-static tensile tests and after dynamic tensile tests  were subjected 
to XRD scanning. For specimens prior to mechanical testing, both the longitudinal 
and transverse directions were scanned. The longitudinal and transverse scan 
Cluster of Al2O3 











directions correspond respectively to diffraction from planes parallel and 
perpendicular to the extrusion direction. The results for AZ31 and AZ31/1.0 
vol%Al2O3 are shown in Fig.4-4. As the results of AZ31/1.4 vol%Al2O3 and 
AZ31/3.0 vol%Al2O3 are similar to those of AZ31/1.0 vol%Al2O3, they are not 
presented for the sake of brevity. In Fig. 4-4, the three density peaks in the low angle 
range correspond to the prismatic {1010} , basal (0002) , and pyramidal {1011}  
planes, respectively. The obvious extruded basal texture of HCP metals can be 
observed in both the monolithic and composite materials, as the density of the basal 
plane is the lowest in the transverse spectrum and highest in the longitudinal spectrum.  
This result suggests that the addition of small amounts of nanoparticles does not 










































                                                                        
 
Fig. 4-4    X-ray diffraction patterns of the samples before tests for (a) AZ31; (b) 
AZ31/1.0 vol%Al2O3  
 




Fig. 4-5 shows the density change corresponding to the three peaks in the XRD 
spectrum for each material before and after quasi-static and dynamic tensile tests. The 
transverse direction was examined, and several salient features can be found: (1) 
Comparing the initial texture between the monolithic and nanocomposite materials, 
the density of prismatic {1010}  planes relative to that of pyramidal {1011}  planes are 
opposite in nature. This indicates that the addition of nanoparticles changes the 
fraction of prismatic and pyramidal orientations significantly, although it does not 
change the typical basal texture; (2) Compared to the initial texture, there is a large 
change in the density of the prismatic planes relative to the pyramidal planes for 
AZ31 after tensile tests. This suggests obvious grain rotation during deformation. 
Such rotation is viewed as being caused by slip, and not tension twinning, because 
tensile loading along the extrusion direction cannot activate tension twinning for 
grains which have their basal plane parallel to the extrusion direction [119-121]. In 
contrast, there is no obvious change in the XRD spectra for AZ31/Al2O3 
nanocomposites after tensile tests. This indicates that the presence of nanoparticles in 
the composite is able to preserve the texture during tensile deformation; (3) After 
tensile tests, AZ31 and AZ31/Al2O3 nanocomposites have roughly similar density 
spectra in terms of displaying three peaks; (4) By normalizing the peak densities with 
respect to that of the prismatic {1010}  plane of each material (see Table 4-2), the 
strain rate dependence of the density change for the basal and pyramidal planes during 
tensile loading is obtained. In a general, for each material, the density of the basal 
plane (0002)  increases with strain rate, while the density of the pyramidal plane 
{1011}  decreases during tensile tests; however, their decrement becomes smaller as 
the strain rate increases.  
 




















































Fig. 4-5    X-ray diffraction patterns for three types of samples (after extrusion, after 
quasi-static tensile tests and after dynamic tensile tests) for materials: (a) 









Table 4-2    XRD peak densities normalized with respect to the density of the 
prismatic plane (QT denotes quasi-static tension and DT denotes dynamic 
tension; the ratio corresponds to: : :prismatic basal pyramidalD D D ). 
 AZ31 AZ31/1.0Al2O3 AZ31/1.4Al2O3 AZ31/3.0Al2O3 
Before test 1 : 0.19 : 1.46 1 : 0.05 : 0.36 1 : 0.04 : 0.48 1 : 0.03 : 0.44 
After QT 1 : 0.11 : 0.55 1 : 0.06 : 0.24 1 : 0.10 : 0.30 1 : 0.14 : 0.36 
After DT 1 : 0.14 : 0.23 1 : 0.13 : 0.33 1 : 0.17 : 0.39 1 : 0.14 : 0.43 
 
 
4.2.4     Quasi-static tensile mechanical properties  
Typical tensile stress-strain plots at a strain rate of 10-4 s-1 for the extruded 
monolithic and nanocomposite materials are shown in Fig. 4-6; the specific quasi-
static mechanical tensile properties are given in Table 4-3. Three samples of each 
material are tested at each loading condition  i.e. quasi-static tension and 
compression, and high rate tension and compression. Compared to the monolithic 
material, the nanocomposites show an increased Young’s modulus (by 4% ~ 6%), 
yield stress (by 13% ~ 20%) and ultimate tensile strength (by 5% ~ 9%). Such 
increases in stiffness and strength have also been reported in literature related to 
nanoparticle reinforced magnesium metal matrix composites [23, 25]. Quantification 
of strengthening mechanisms is not an objective in this work; qualitatively, it is noted 
that the enhancement arises mainly from the following: (1) effective load transfer 
between the matrix and the nanoparticles and between the matrix and the second 
phase (Al12Mg17), can be concluded from the smooth interfaces between them, as 
shown in Fig. 4-3 [122] ; (2) additional stress generated by the dispersed nanoparticles 
based on the Orowan mechanism [58]; (3) grain refinement induced by the presence 
of nanoparticles, which increases the grain boundary area, and thus the pile-up of 
dislocations close to grain boundaries, thereby increasing the yield stress [116, 117]; 




(4) mismatch of the elastic modulus and coefficient of thermal expansion (CTE) 
between the hard filler particles and the softer matrix, resulting in an increased density 
of geometrically necessary dislocations, and therefore an increase in the strength of 
the material [123] (Specific models have been presented in the work by Dai et al. 
[124]). However, the increase in the Young’s modulus, yield stress and ultimate stress 
for the composites does not show a consistent trend with respect to the volume 
fraction of the nanoparticles.  
 






0.2%YS (MPa) UTS (MPa) Fracture  Strain (%) 
AZ31 40.6 ± 1.7 204.9 ± 10.6 345.3 ± 10.1 13.5 ± 2.3 
AZ31/1.0Al2O3 43.2 ± 1.5 238.6 ± 4.1 384.8 ± 7.3  19.5 ± 2.6 
AZ31/1.4Al2O3 42.9 ± 1.0 231.0 ± 1.4 372.4 ± 8.9 17.4 ± 1.3 



















Fig. 4-6    Engineering and true stress-strain curves of quasi-static tensile tests on 
AZ31 and its nanocomposites at room temperature 




Compared to their monolithic counterpart, the fracture strain of the 
nanocomposites is increased significantly (by 18.6% ~ 48.9%), with 
AZ31/1.0vol%Al2O3 having the maximum value. The significant increase in ductility 
of AZ31-based nanocomposites can be attributed primarily to the following factors: (1) 
the presence of reasonably uniformly dispersed nanoparticles serves as obstacles to an 
advancing crack front, impeding its propagation [29, 125, 126]. Consequently, this: (i) 
relieves the stress concentration which would otherwise exist at a crack tip and (ii) 
alters the localised stress state in the neighbourhood of the crack tip from plane strain 
to plane stress [29, 30, 126, 127]. (2) The addition of nanosize Al2O3 may be able to 
activate non-basal slip systems at room temperature [126, 128, 129]; this is also 
evident from fractography images (see Fig. 4-7) in this work. Similar results are also 
published in [115, 128]. Other metallic particulates like Ti [128] and nanosize ceramic 
oxides such as Y2O3 and ZrO2 [21, 29, 130] are also reported to have the effect of 
activating non-basal slip in a pure magnesium matrix. (3) A change in texture due to 
the addition of nanoparticles (see Fig. 4-4) could contribute to improved ductility [11]. 
In [11], significant improvement in the ductility of AZ31 was observed by just 
altering the initial texture. (4) The addition of nano-size Al2O3 particles is capable of 
reducing the size of Mg-Al second phase particles and to disperse them; this assists in 

























Fig. 4-7    Representative fractorgraphs showing: (a) straight lines associated with slip 
in basal planes of AZ31 and (b) uneven lines due to a combination of basal 




4.2.5     Dynamic tensile mechanical properties 
Fig.4-8 (a) shows representative dynamic true stress-strain curves for a strain 
rate of 31.2 10 s-1 for AZ31 and AZ31/Al2O3 nanocomposites. A notable observation 
is that the nanocomposites display an enhanced flow stress, ultimate strength and 
ductility. Compared to AZ31, the failure strains of the nanocomposites increase by 6% 
~ 18% (see Table 4-4). This indicates that the addition of nanoparticles plays a role 
similar to that in quasi-static tension  i.e. elevating the strength and ductility of AZ31 
simultaneously.  
Figs. 4-8 (b) and (c) show true stress-strain curves for AZ31 and AZ31/1.4 
vol%Al2O3, corresponding to three different strain rates  41.0 10 , 31.2 10 and 
32.2 10 s-1. Compared to their quasi-static responses, a significant increase in the 
flow stress and ductility is observed for AZ31 and its composites at high strain rates. 
However, for AZ31/1.4 vol%Al2O3, the ultimate tensile strengths at the three strain 
rates are almost identical. AZ31 shows a similar trend, as depicted in Fig.4-8 (b).  
(a) (b) 
Uneven lines 

























Fig. 4-8    True stress-strain curves of both quasi-static and dynamic tensile tests. (a) 
Tension results at strain rate ~103 s-1 for AZ31 and its nanocomposites; (b) 









Table 4-4    Fracture strain for dynamic tension and compression at strain rates of 
~2.2 ×103 s-1 
Fracture 
Strain (%) AZ31 AZ31/1.0Al2O3 AZ31/1.4Al2O3 AZ31/3.0Al2O3
Tension 17.6 ± 2.5 20.3 ± 2.9 18.6 ± 3.4 20.7 ± 2.2 
 
 
A decrease in the rate sensitivity parameter with increasing strain (Fig.4-9)  has 
also been reported by Yokoyama [88] for wrought magnesium alloys. To investigate 
the different strain rate effects, strains of 4% and 10% are selected as references to 






















where  and   are the normalized flow stress and normalized strain rate, respectively. 
σ is the flow stress and  the strain rate. 0  is the reference stress and 0  the 
reference strain rate. The subscripts h and l represent high and low strain rates, 
respectively; 10-4 s-1 is the low strain rate and the high strain rate is 32.2 10 s-1. Fig. 4-
9 shows the strain rate sensitivity at two states of plastic deformation. The monolithic 
material has the maximum rate sensitivity value of 0.01, for a strain of 4%. An 
obvious decrease in rate sensitivity with plastic deformation for each material can be 
observed. Another observation is that compared to AZ31, the presence of 
nanoparticles decreases the rate sensitivity slightly. 
The strain rate response of metallic materials is strongly influenced by their 
crystalline microstructure [52]. As reported in the work of Ulacia et al., the rate 
sensitivity of the yield stress of AZ31 depends on the initial relative orientation 
between the loading axis and the crystallographic c-axes [38, 62, 134]. The critical 




resolved shear stress (CRSS) for basal slip systems and twinning is relatively rate 
insensitive, while the CRSS of non-basal slip systems is rate sensitive [33, 83, 135, 
136]. Because the material in this study has a basal texture, tension twinning is 
difficult to activate for tensile loading along the extrusion direction, and the 
predominant deformation mechanism is slip. Thus, although these materials are not 
very sensitive to strain rate based on the m values (rate-sensitivity parameter) shown 
in Fig.4-9, the rate dependence of the flow stress observed in Fig. 4-8 (b) and (c) may 
be associated with slip along non-basal planes. 
Another interesting phenomenon can be identified from the quasi-static tensile 
stress-strain curves in Fig. 4-6 and the dynamic tensile stress-strain curves in Fig. 4-8 
(a). With regard to the plastic response in these curves, the stress-strain curves for the 
nanocomposites are almost parallel to those of the monolithic material. This indicates 
that the presence of nanoparticles does not affect the strain hardening profile of AZ31, 
but increases the stress by a constant value,  . Curves of the hardening rate for 
quasi-static and dynamic tension, as a function of true strain, are presented in Fig. 4-
10 and 4-11. The curves for the four materials essentially coincide with one another, 
demonstrating that their hardening rates as a function of true strain are almost 
identical. To study the effect of strain rate on hardening rate, Fig 4-12 shows the 
variation of hardening rate for quasi-static and high rate tensile loading. When the true 


















































































Fig. 4-12    Hardening rates as a function of true strain for four materials subjected to 
low and high rate tension. 




A comparison of the average flow stresses at strains of 4% and 10% for the four 
materials at low and high strain rates is undertaken, and the data is presented in Tables 
4-5 and 4-6, which show that: (1) for quasi-static and dynamic tension, the increase in 
flow stress for the nanocomposites is essentially the same for different strain values. 
(2) With an increase in strain rate, the value of   for AZ31/1.0Al2O3 and 
AZ31/3.0Al2O3 decreases, while  for AZ31/1.4Al2O3 increases.  
 
Table 4-5    Average increase in tensile flow stress σ of nanocomposites at a strain 
rate of ~1×10-4 s-1, with respect to the response of the monolithic material 
σ (MPa) AZ31/1.0Al2O3 AZ31/1.4Al2O3 AZ31/3.0Al2O3 
4% 20.2 14.6 32.2 
10% 20.1 14.7 29.9 
 
Table 4-6    Average increase in tensile flow stress σ of nanocomposites at strain 
rates of ~1.2×103 s-1, with respect to the response of the monolithic 
material 
σ (MPa) AZ31/1.0Al2O3 AZ31/1.4Al2O3 AZ31/3.0Al2O3 
4% 14 30 17 












4.2.6    Fractography for tension tests 
The fracture surfaces of AZ31 and AZ31/1.0 vol%Al2O3 samples, after quasi-
static and dynamic tensile deformation, are shown in Fig. 4-13. The insert at the top 
right corner of each image is an enlargement of the area circled in black. For AZ31 in 
Fig. 4-13 (a) and (b), the fracture surfaces exhibit a mix mode  i.e. cleavage fracture 
with ductile features. Similar results have been reported in [137, 138]. The dynamic 
fracture surface shown in Fig. 4-13 (b) displays large dimple characteristics, and black 
circles are drawn to highlight the dimples. The size of the dimples in Fig. 4-13 (a) is 
quite small, and this feature can only be seen clearly in the enlarged view at the top 
right corner. These larger dimples indicate a more ductile response of AZ31 at high 
strain rates.  
In contrast, both the quasi-static and dynamic fracture surfaces of AZ31/1.0 
vol%Al2O3 shown in Fig. 4-13 (c) and (d) respectively, show obvious ductile fracture 
mode with dimple characteristics, indicating their respective ductility at both low and 
high strain rates.   Larger dimples in the dynamically fractured surface shown in Fig. 
4-13 (d) are observed, compared to the quasi-statically fractured surface in Fig. 4-13 
(c); the former indicates more ductile behaviour. In summary, the characteristics of 
the fracture surfaces in Fig. 4-13 are consistent with the stress-strain curves presented 




























                             (c)                                                                                               (d) 
Fig. 4-13    Fractographs of quasi-static tensile tests for AZ31 in (a) and AZ31/1.0 
vol%Al2O3 in (c); and dynamic tensile tests at strain rate 103 s-1 for AZ31 











4.3 Results and discussion on compressive properties  
4.3.1    Texture change during quasi-static and dynamic compression tests 
As with tension, three types of specimens of AZ31 and AZ31/Al2O3 
nanocomposites  before testing, after quasi-static compression tests and after 
dynamic compression tests  were subjected to XRD scanning along the transverse 
direction. Before testing, all extruded materials have a basal texture. This is concluded 
based on the XRD results in Fig. 4-4.   
Fig. 4-14 shows the change in diffraction densities of the three peaks in the XRD 
spectrum for each material before and after quasi-static and dynamic compression 
tests. These results are for the planes perpendicular to the extrusion direction. Several 
important characteristics are noted. (1) Comparing the initial texture of the monolithic 
and nanocomposite materials before testing, as analysed for tension, the fractions of 
planes with prismatic (10 10)  and pyramidal (10 11)  orientations are quite different 
for both materials. This is thought to be the result of adding nanoparticles; (2) for the 
four types of materials, compared to their initial texture, there is a significant increase 
in density of the basal (0002)  plane after both quasi-static and dynamic compression. 
This is a strong indication of grain rotation. Based on the results shown in Fig. 4-4, a 
large fraction of the basal planes is aligned parallel to the extrusion direction before 
tests. The ~90o rotation of the basal plane after compression is attributed to activation 
of {10 12} 10 1 1  tension twinning, because this twinning mode can rotate the grain 
lattice by ~86o [52]. The fraction of basal plane perpendicular to the extrusion 
direction can be expected to increase with activation of this twinning mode. Although 
the literature [135, 139] suggests that twinning may be superseded by dislocation slip 
when the grain size is smaller than 3 μm, this XRD result demonstrates that tension 




twinning occurs even in grain sizes smaller than 2 μm. The pole figure presented in 
Li’s work [86] also indicates that twinning occurs during compression, even for grain 
size of about 0.8 μm. (3) After quasi-static compression tests, AZ31 and AZ31/Al2O3 
nanocomposites have quite similar density spectra in terms of the three peaks. After 
dynamic compression tests, similar spectra for all materials are also obtained; (4) the 
density ratio between prismatic (10 10) and pyramidal (10 11)  planes after 
compression tests exhibits strain rate dependence. As a general trend, for each 
















































Fig. 4-14    X-ray diffraction patterns for three types of samples (after extrusion, after 
quasi-static compression tests and after dynamic compression tests) for: 







































Fig. 4-15    The density ratio between prismatic and pyramidal planes after quasi-
static and dynamic compression tests. 
 
 
4.3.2     Quasi-static compressive mechanical properties 
Typical true stress-strain plots of the monolithic and nanocomposite materials 
subjected to compression at a strain rate of ~10-4 s-1 are shown in Fig. 4-16. Specific 
quasi-static mechanical compression properties are given in Table 4-7. The data 
represents the average from three samples, and the scatter is calculated based on 
standard deviation. Compared to the monolithic material, the nanocomposites show an 
increased Young’s modulus (by 2% ~ 21%), yield stress (by 12% ~ 26%) and ultimate 
compression strength (by 6% ~ 16%). Such increases in stiffness and strength have 
also been presented in literature related to nanoparticle reinforced magnesium metal 
matrix composites [140, 141], and are attributed to the incorporation of nanoparticles. 
These outcomes can also be accounted for by the explanation for the quasi-static 
tension results presented in Section 4.2.3. In Fig.4-16, the stress-strain curves for 
AZ31, AZ31/1.0Al2O3 and AZ31/1.4Al2O3 are almost parallel to one another. 




Furthermore, the increase in the Young’s modulus, yield stress and ultimate 
compressive stress for the composites show a consistent trend with respect to volume 
fraction of the nanoparticles. However, the curve for AZ31/3.0Al2O3 does not follow 
this trend. A possible reason is that with a greater volume fraction of nanoparticles, 
particle agglomeration increases, and this generates high stress concentration in the 
vicinity of the particle cluster. A model to calculate the stress due to the clustering of 
two particles can be found in [142, 143] . Therefore, plastic deformation can initiate at 
a lower stress and the corresponding flow stress is decreased. 
Table 4-7    Results of quasi-static compression tests on AZ31 and its nanocomposites 
at room temperature 
Materials Young’s Modulus 
(GPa) 
0.2%YS (MPa) UCS (MPa) Fracture 
Strain (%) 
AZ31 40.2 ± 2.5 177.0 ± 7.0 502.0 ± 8.9 13.8 ± 0.3 
AZ31/1.0Al2O3 41.0 ± 1.6 216.0 ± 5.3 543.2 ± 12.4 13.7 ± 1.8 
AZ31/1.4Al2O3 48.5 ± 5.3 224.0 ± 2.0 533.0 ± 1.4 12.2 ± 0.1 










Fig. 4-16    True stress-strain curves of quasi-static compression tests on AZ31 and its 
nanocomposites at room temperature 




Compared to the monolithic material, the fracture strains of the nanocomposites 
are slightly decreased. AZ31/1.4Al2O3 has the maximum drop of 12%. This result 
shows that for quasi-static compression, the addition of nanoparticles does not have 
any positive influence on the ductility of the nanocomposites, and even decreases 
their ductility. It contrasts with the influence of nanoparticles for tensile loading, for 
which nanoparticles significantly increase the ductility of the composites (see Fig. 4-
17). Similar results have also been reported for other magnesium based 
nanocomposites [30, 137, 144].   
The primary reason for this opposite effect on ductility between tension and 
compression is attributed to a difference in the predominant deformation mechanisms 
 i.e. slip and twinning. For tension, as discussed in Section 4.2.5, the dominant 
deformation mechanism is slip, while for compression, it is {10 12} 10 1 1   tension 
twinning during the initial phase of plastic flow (up to ~6% strain; see Fig. 4-16). The 
sigmoidal shape of the compressive stress-strain curves in Fig.4-12 is considered to be 
characteristic of this tension twinning [86] and the profuse tension twinning is also 
confirmed by the XRD results in Section 4.3.1. In Mg, the interaction between 
prismatic or basal slip dislocations and a {1012}  twin is repulsive, and this results in 
local stress concentration due to dislocation pile-up at the twin interface, which may 
turn into a site for crack formation [55, 145]. The TEM results for fracture in AZ31, 
reported by Somekawa et al. [146], showed that the accumulated strain at {1012}  
twin boundaries became the sites for fracture initiation, and cracks also propagate 
along these boundaries between the deformation twins and the matrix [147]. 
Furthermore, the formation of voids, which are linked to shear failure for AZ31 under 
compression, is also found to be related to twinning [148]; micrographs and EBSD 
pictures confirm that the voids take over regions that used to be occupied by twins or 




even in the twin interior [148-151]. In this work, the dominance of twinning for both 
monolithic AZ31 and its nanocomposites under compression is able to generate many 
sites for void formation or crack initiation and propagation, resulting in shear failure 
(see Section 4.3.5). Thus, for compression, the effect of nanoparticle addition on 
ductility enhancement is limited and the failure strain of the nanocomposites is close 
















4.3.3     Dynamic compressive mechanical properties 
Fig.4-18 shows typical dynamic compressive true stress-strain curves for AZ31 
and AZ31/Al2O3 nanocomposites at strain rates of ~ 31.7 10 and ~ 32.5 10  s-1. In 
Fig. 4-18(a), the curve of the monolithic material is quite close to these of the 
composites. In Fig. 4-18(b), when the strain exceeds 10%, the composites display 




slightly higher stresses than that of the monolithic material. For the nanocomposites, 
the compressive flow stress for dynamic loading displays two characteristics: (a) 
compared to the dynamic flow stress for monolithic AZ31, there is no significant 
increase (see Table 4-8); (b) compared to their quasi-static values, a notable decrease 
was observed (see Table 4-9). Thus, the addition of nanoparticles does not have a 
strong influence on the strength of the matrix material for high rate compression. It 
differs from the results for quasi-static compression, whereby the addition of 
nanoparticles can enhance the strength of the matrix material significantly (Fig.4-16). 
Therefore, it can be concluded that for compression, the strengthening effect of 
adding nanoparticles reduces with strain rate. 
With respect to the fracture strain for dynamic compression, the nanocomposite 
shows values close to that of the monolithic material (see Table 4-10); this is 
consistent with the result for quasi-static compression (refer to Table 4-7). For both 
low and high rate compression, the addition of nanoparticles does not yield any 
enhancement in the ductility of the matrix material. 
Fig.4-19 and Fig.4-20 show the true stress-strain curves for AZ31, AZ31/Al2O3 
composites at four strain rates, 41 10 , 31 10 , 31.7 10 and 32.5 10 s-1. The samples 
loaded at a strain rate of 31 10  s-1 did not break. Compared to their respective 
performance under quasi-static loading, a significant increase (39% ~ 68%) in 
ductility is observed for high rate compression. For monolithic AZ31, the difference 
in yield stress between quasi-static and dynamic loading is very small, whereas the 
yield stress of the nanocomposites shows a relatively larger decrease with strain rate. 
                         
 






















Fig. 4-18    True stress-strain curves for dynamic compression tests at strain rates of (a) 








Table 4-8    Flow stress of four materials at 2% strain for strain rates of ~2.5 × 103 s-1 
 AZ31 AZ31/1.0Al2O3 AZ31/1.4Al2O3 AZ31/3.0Al2O3 
Flow stress 182.2 ± 3.4 191.0 ± 5.0 198.5 ± 4.5 189.5 ± 2.1 
 
Table 4-9    Average decrease in dynamic compressive flow stress with respect to 
quasi-static values for nanocomposites at 2% strain and strain rates of 
~2.5 × 103 s-1  
 AZ31/1.0Al2O3 AZ31/1.4Al2O3 AZ31/3.0Al2O3 
σ (MPa) 31.5 35.5 22.2 
 
 
Table 4-10    Fracture strain for dynamic compression at strain rates of ~103 s-1 
Fracture 
Strain (%) AZ31 AZ31/1.0Al2O3 AZ31/1.4Al2O3 AZ31/3.0Al2O3


























































Fig. 4-19    True stress-strain curves for quasi-static and dynamic compression at 









































Fig. 4-20    True stress-strain curves for quasi-static and dynamic compression at 





































Fig. 4-21    Compressive strain rate sensitivity of AZ31 and its nanocomposites at 
strains of 4% and 10%. 
 
 
To investigate the strain rate effect, strains corresponding to 4% and 10% 
compressive deformation are selected as references to estimate the strain rate 
sensitivity index, m, using Equation (4-1) in Section 4.2.5. The low strain rate selected 
is 10-4 s-1 and the high strain rate is ~ 32.5 10 s-1. Fig. 4-21 shows the strain rate 
sensitivity (SRS) at 4% and 10% plastic deformation. Several notable features are 
observed. (1) The magnitude of the SRS for all the materials in Fig. 4-21 is smaller 
than 0.015; this indicates that under compression, both the monolithic material and 
nanocomposites are not particularly sensitive to strain rate. This is reasonable, 
because yield is dominated by tension twinning and the CRSS for tension twinning is 
relatively rate insensitive [135]. (2) For a strain of 4%, the monolithic material shows 
a positive SRS, while all three nanocomposites show a negative SRS (refer to Fig.4-
18, 4-19 and 4-20). Similar results were reported in the work done by Guo et al. [28]. 




The obvious difference in SRS between the monolithic and composite materials is 
attributed to the addition of nanoparticles. At the early stage of compression, the 
predominant deformation mechanism is tension twinning. It is reasonable to assume 
that the presence of nanoparticles reduces the CRSS for tension twinning in high rate 
compression, and therefore decreases the yield stress. 
 
 
4.3.4    Influence of grain size and strain rate on flow stress 
The well-known Hall-Petch relationship highlights that metals with smaller grains 
generally yield and deform plastically at higher stress values. However, the dynamic 
compression test results presented in Section 4.3.3 show that an increase in strain rate 
tends to lower the flow stress for the nanocomposites. Hence, the effects of grain size 
and strain rate could oppose each other. Consequently, it is of interest to investigate 
their combined influence on nanocomposites. For the materials studied, there is no 
obvious yield point in the stress-strain curves. Hence, the flow stress at 2% strain is 
selected as the basis for comparison instead. During the initial phase of plastic flow, 
tension twinning is the dominant deformation mechanism (discussed in Section 4.3.1); 
therefore, the increase in flow stress at 2% strain due to strain hardening is small. 
Thus, the stress at 2% strain is defined by an expression that combines the Hall-Petch 
and a strain hardening term as follows:    
   1/20( )d kd
        (4-2) 
where   is the flow stress at 2% strain; 0  is a material constant; k is the 
strengthening coefficient, d  is the grain size and  is the increment in flow stress 
due to strain hardening. 




Fig. 4-22 shows the flow stress for the four materials at 2% strain with respect to 
grain size, for two strain rates  41.0 10  s-1 and ~ 32.5 10  s-1. The straight line fits 
indicate that at both low and high strain rates, the flow stress of the four materials 
follows the Hall-Petch law  i.e. the smaller the grain size, the higher the strength. 
Thus, it is reasonable to suppose that a reduction in grain size by the addition of 
nanoparticles is a dominant factor in increasing the flow stress at early stage of plastic 
flow. For compression, the flow stress of the materials studied at 2% is dominated by 
the activation of {10 12} 10 1 1   tension twinning  i.e. the CRSS of this twinning 
mode. Thus, it can be concluded that the CRSS of this twinning mode is increased by 













Fig. 4-22    Compressive flow stress at 2% strain for strain rates of 10-4 and ~ 32.5 10  
s-1. 
 




In Fig. 4-22, it is obvious that for the three nanocomposites, the flow stress 
decreases with strain rate. Moreover, the influence of grain size on the flow stress for 
all the materials is smaller at a higher strain rate; i.e. strain rate generates an opposing 
influence on the flow stress vis-à-vis grain size reduction. Specifically, the CRSS of 
{10 12} 10 1 1   tension twinning appears to be decreased by strain rate. However, a 
notable point is that for monolithic AZ31 (Fig. 4-22), which has the largest grain size 
(~4 μm), the change in flow stress between low and high rate loading is very small  
i.e. the influence of strain rate on the CRSS for tension twinning in the monolithic 
material is correspondingly small. Similar rate insensitivity of tension twinning has 
also been reported by other researchers [120, 121]. In contrast, the change in yield 
stress with strain rate for the nanocomposites is much larger. A possible reason is 
related to strengthening due to the addition of nanoparticles, in terms of the mismatch 
of coefficient of thermal expansion (CTE) between the matrix and the nanoparticles. 
This strengthening mechanism depends on temperature. For high rate compression, 
the temperature of the material will increase because of adiabatic heating, thereby 
reducing the strength enhancement effect of a CTE mismatch.   
A common-adopted model to calculate the strength elevation arising from CTE 
mismatch is [115, 152, 153]: 
   1/2CTE m thAMG b     (4-3) 








   (4-4) 
where CTE  is increase in stress due to CTE mismatch; A characterizes the 
transparency of the dislocation forest for basal-basal dislocation interaction in 
magnesium, M is the mean matrix orientation factor for magnesium, mG  is the shear 
modulus of the matrix, b  is the magnitude of the Burgers vector, T  is the 




temperature difference between the production process (e.g. extrusion) and the test 
condition temperature, pV  is the volume fraction of nanoparticles, pd  the nanoparticle 
diameter, and m  and p  are coefficients of thermal expansion of the matrix and the 
nanoparticles, respectively. Assuming that the increase in temperature during high 
rate compression is in the range of 25 ~ 100 K, T  from Eq. (4-4) will be reduced, 
and the corresponding decrease in stress calculated using Eq. (4-3) and (4-4) is 16~56 
MPa (based on parameter values in Table 4-11). These stress values are consistent 
with the curves in Fig. 4-22, which show that the decrease in flow stress for the three 
nanocomposites under high rate compression is about 20~35 MPa. Hence, it is 
reasonable to attribute the observed strain rate softening to the reduced strength 
enhancement associated with a CTE mismatch, because of temperature elevation 
during dynamic deformation.  
 
Table 4-11    Parameters used to predict the reduced flow stress due to temperature 
increase 
Parameter Description Value Reference/Note 
m  Coefficient of thermal expansion of the matrix  6 127.1 10 oC   [112] 
p  Coefficient of thermal expansion of the matrix 6 17.4 10 oC   [112] 
A 
Transparency of the dislocation 
forest for basal-basal dislocation 
interaction 
0.2 [154]  
M 
The mean matrix orientation 
factor for magnesium 
6.5 [155] 
b  Magnitude of the burgers vector 0.32 nm [156] 
pd  Nanoparticle diameter 50 nm Used in this work 
mG  Shear modulus of the matrix 16.6 GPa [156] 
pV  
Volume fraction of 
nanoparticles 
1% ~ 3% Used in this work 




4.3.5     Fractography for compression tests 
The fracture surfaces of AZ31 and AZ31/1.0 vol%Al2O3 samples after quasi-static 
and dynamic compression, are shown in Fig. 4-23 (1k × magnification) and Fig. 4-24 
(3.5k × magnification). Fig. 4-23 shows strong directionality due to shear failure for 
AZ31 and AZ31/1.0 vol%Al2O3, under both low and high rate compression. Similar 
results have been reported in  [137, 138]. 
For AZ31, the fracture surface for dynamic loading (Fig. 4-24(b)) displays both 
dimples and obvious slip lines, whereas only dimples are observed in fracture surfaces 
for quasi-static loading (Fig.4-24(a)), and slip lines are absent. Similar observations of 
slip lines are reported in [21, 29, 115, 128]. The obvious presence of slip lines in 
AZ31 samples deformed under high strain rates indicates a more ductile response; 
similar results for AZ31/1.0 vol%Al2O3, can be found in Fig.4-24 (c) and (d), whereby 
Fig.4-24 (c) corresponds to quasi-static loading and displays only dimples, whereas 
Fig.4-24 (d) is for dynamic compression and shows both dimples and slip lines. In 
summary, the characteristics of the fracture surfaces in Figs. 4-23 and 4-24 are 
consistent with the degree of ductility indicated by the stress-strain curves presented 



























Fig. 4-23    Fractographs (1.0k × magnification): (a) quasi-static compression of AZ31; 
(b) dynamic compression at a strain rate of 103 s-1 for AZ31; (c) quasi-
static compression of AZ31/1.0 vol%Al2O3; (d) dynamic compression at a 































Fig. 4-24    Fractographs: (a) quasi-static compression of AZ31; (b) dynamic 
compression at a strain rate of 103 s-1 for AZ31; (c) quasi-static 
compression of AZ31/1.0 vol%Al2O3; (d) dynamic compression at a 
strain rate of 103 s-1 for AZ31/1.0 vol%Al2O3.  
 
 





Monolithic AZ31 and AZ31/Al2O3 nanocomposites with three volume fractions of 
Al2O3  1.0%, 1.4% and 3.0% - were successfully synthesized using a DMD 
technique followed by hot extrusion. Uniaxial tension and compression at strain rates 
up to 32.5 10  s-1 were conducted using a universal testing machine and split 
Hopkinson bar devices. 
For both low and high rate tensile loading, the addition of a given amount of 
nanoparticles is found to generate a constant stress increase during plastic 
deformation, but does not alter the hardening profile of AZ31. However, for 
compression, the fixed amount of stress elevation corresponding to addition of a given 
quantity of nanoparticles is observed only for quasi-static loading. There is no 
obvious strengthening effect of nanoparticles for dynamic compression.  
The tensile flow stress exhibits obvious rate dependence, which is interpreted as 
an indication of the rate sensitivity of the CRSS for the slip systems activated. For 
compression, the flow stress of the nanocomposites shows negative rate sensitivity; 
this is because: (1) strain rate decreases the strength enhancement associated with a 
mismatch in the coefficient of thermal expansion (CTE) between the matrix and the 
nanoparticles, when the temperature within samples increases during high strain rate 
compression; (2) the CRSS of twinning is rate insensitive. 
For both quasi-static and dynamic tension, the addition of nanoparticles increases 
the failure strain of the nanocomposites significantly, compared to the response of 
monolithic AZ31. In contrast, the effect of nanoparticle addition on enhancement of 
ductility under quasi-static and dynamic compression is not obvious, whereby the 
failure strains of the nanocomposites are close to that of monolithic AZ31.  




XRD results and the compressive stress-strain curves confirmed that during the 
early stages of compressive loading, {10 12} 10 1 1   tension twinning is the 
dominant deformation mechanism. The proliferation of twinning is able to generate 
many sites for crack initiation and propagation. Therefore, the effect of nanoparticle 
addition on ductility enhancement is diminished and the failure strain of the 
















Chapter 5 – Constitutive modelling 
 
5.1 Introduction 
The lower density of magnesium compared to aluminium is the main 
characteristic which has attracted increasing research over the past decade [157, 158]. 
However, poor formability of magnesium and its alloys at room temperature hinders 
their application. This poor ductility originates from the hexagonal close-packed 
(HCP) internal lattice structure, which is unable to provide five independent slip 
systems for arbitrary plastic deformation, based on Taylor’s principle [97]. Therefore, 
in magnesium, twinning provides an additional mechanism to accommodate plastic 
deformation along the c-axis. However, the activation of twinning in magnesium is 
directional and can only occur in one direction on a twinning plane. This special 
deformation mechanism results in anisotropy in magnesium and its alloys in terms of 
asymmetric stress-strain curves and different yield stresses in uniaxial tension and 
compression. Thus, to capture the macro-scale stress-strain response of magnesium 
polycrystalline material, micro-scale deformation mechanisms (i.e. slip and twinning) 
must be examined.  
Modelling via crystal plasticity has proven to be an effective approach to 
investigate the behaviour of polycrystalline aggregates based on microscopic 
deformation mechanisms. There are several pioneering efforts: Asaro and Needleman 
[105] developed a rate-dependent constitutive model based on the evolution of slip 
systems in single crystals and captured texture evolution and strain hardening during 
plastic deformation of FCC aggregates. Kalidindi [106] and Staroselsky and Anand 
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[159] incorporated twinning along with slip within a crystal plasticity model and 
predicted texture evolution in both FCC and HCP materials. Staroselsky and Anand 
[26] developed a constitutive model that included both slip and twinning and 
implemented it into an FEM program to simulate the stress-strain response and texture 
evolution of AZ31. They also incorporated an isotropic term to account for grain 
boundary sliding in order to improve simulation predictions. In these models, 
twinning is considered as a pseudo slip [109, 160]. Garff et al. [41] proposed a single 
crystal model for magnesium with a special hardening evolution law for twinning, but 
did not model lattice reorientation explicitly. Zhang and Joshi [63] incorporated 
compression twinning together with tension twinning in their single crystal model and 
considered the interaction between slip systems and these two types of twinning 
modes. The activation of slip and twinning, depending on crystal orientation, was 
clearly shown in their simulation results. The preceding two models were calibrated 
using the experimental results of tests on magnesium by Kelly and Hosford [68]. 
Fernandez et al. [161] proposed a crystal model that included interaction between slip 
and tension twinning, and investigated fracture mechanisms based on their simulation 
results. Liu and Wei [162] studied the temperature dependence of slip resistance and 
texture evolution in AZ31 using their crystal plasticity model developed from the 
work done by Staroselsky and Anand [26]. 
In the present work, a rate-dependent single crystal plasticity model is developed 
to describe the stress-strain response of magnesium alloy-based nanocomposites 
(AZ31 and 50-nm Al2O3). In this model, four slip modes and one twinning mode are 
considered. A hyperbolic hardening function is assumed to represent the evolution of 
the critical resolved shear stress (CRSS) for both slip and twinning. To capture the 
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influence of the nanoparticles, additional terms are incorporated into hardening laws 
for slip and twinning, based on the experimental results presented in Chapter 4. 
In the following sub-sections, the slip and twin systems incorporated in the model 
are first presented, as these are the primary mechanisms for inelastic deformation. 
Then, a constitutive model and flow rules for these slip and twin systems are 
described. Thereafter, parameter calibration and numerical simulation of the model 
are presented. 
 
5.2 Slip and twin systems 
In this model, four slip and one twinning modes, which govern the constitutive 
behaviour of the nanocomposites, are adopted. They include basal, prismatic, 
pyramidal a    and pyramidal c a    slip, as well as the tension twining 
{10 12} 1011   (see Table 5-1 and Fig. 5-1). The combination of a slip plane and a 
slip direction in this plane defines a slip system. For example, consider the prismatic 
slip mode in Table 5-1, there are three equivalent prismatic slip planes, i.e. (1 100) , 
(10 10)  and (0110) . On each plane, there is one slip direction indicated by a red 
arrow in Fig. 5-1(b). Therefore, the number for prismatic slip systems is three as 
shown in Table 5-1. A twinning system also consists of one twin plane and one 
shearing direction on this plane.  
For different slip systems in magnesium, there are two main slip directions: a 
and c a   . The slip direction a   is parallel to the basal plane. The basal slip 
(0001) 1120   and two non-basal slip modes  the prismatic {1 100} 1120  and 
the pyramidal a  (i.e. {1 101} 1120  ) accommodate plastic deformation only 
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parallel to the basal plane [63]. Tension twinning {10 12} 1011  and pyramidal 
c a    slip can facilitate the non-basal deformation, which has resolved amount of 
deformation along the c-axis.  
To model slip and twin, it is assumed that there is an initial resistance for each 
slip/twin system which must be overcome before shear deformation can occur. This is 
called the critical resolved shear stress (CRSS) and increases with plastic deformation. 
For example, consider the prismatic slip system (1100)[1120] , which is one of the 
three prismatic slip systems shown in Table 5-1. Its resistance to shear on this slip 
plane increases with deformation, and is called self-hardening. In addition, the 
resistance to slip for this (1100)[1120]  system can also increase because of shear 
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Table 5-1  Slip and twin systems considered in the present work 
 Slip/twin 
plane 
Slip direction / shear 





Basal  (0001)  1120   3 - 
Prismatic  {1100}  1120   3 - 
Pyramidal  a   {1 101}  1120   6 - 
Pyramidal c a    {1122} 1123   6 - 
Tension twin  {1012}  1011   6 0.129* 
* The distance that the first layer above twin plane shears when twinning occurs (see 












Fig. 5-1    Slip and twinning modes in magnesium crystals considered in present 
model: (a) basal slip; (b) prismatic slip; (c) pyramidal a  slip; (d) 
pyramidal c a   slip; (e) tension twining.  
 
 Chapter 5   Constitutive modelling  
92 
 
5.3 Constitutive model 
The governing variables [54, 106, 163] in the constitutive model are the: (i) 
Cauchy stress tensor, T ; (ii) deformation gradient,  F y with det 0F . Here 
ˆ ( , )ty y x is the position vector of a material point in the current configuration, and x
is the position vector of a material point in the reference configuration; (iii) crystal 
slip and twin systems denoted by integers i  and . Each system is represented by a 
unit normal 0
in  to the slip/twin plane, and a unit vector 0
im  that identifies slip/twin 
direction. The slip and twin systems 0 0, )
i i(n  m  are in the reference configuration and 
are assumed to be known. The Schmid tensor is 0 0 0
i i i S m n ; (iv) the inelastic 
deformation gradient tensor is pF , with det 1p F . This represents the accumulated 
effect of slip and twinning in a single crystal; (v) elastic deformation gradient tensor, 
eF , with det 0e F ; this variable describes the elastic stretches and the lattice 
rotations. 
For metallic materials the elastic deformation is usually very small [54] and the 
stress in the material can be expressed as: 
* [ ]eT E   (5-1) 
where  is the fourth order anisotropic elasticity tensor, and eE  is the elastic part 
of Green-Lagrange strain tensor defined as [164] 
(1/ 2)[ ]e e E C I   (5-2) 
with  
( )e e T eC F F   (5-3) 
eE is an elastic strain measure, and *T is a stress measure conjugate to this strain 
measure: 
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Fig. 5-2    Schematic diagram of the deformation gradient decomposition 
 
From the Kroner-Lee decomposition [165] shown in Fig. 5-2,  
e pF F F   (5-5) 
Based on the five preceding equations, if the deformation gradient F  is given and 
an evolution law for the inelastic deformation gradient pF  is known, the Cauchy 
stress T  can be calculated using eF . 
The velocity gradient is 
1 1e e p e   L FF L F L F   (5-6) 
where  
1e e eL F F ,    1p p pL F F   (5-7) 
are the elastic and inelastic velocity gradients, respectively. From Eq. (5-7), 
evolution of the inelastic deformation gradient due to crystallographic slip and 
twinning is given by 
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p p pF L F   (5-8) 










  L S S    (5-9) 
where i  denotes the shearing rate on the -thi slip system, and   denotes the 
shearing rate on the -th twinning system. slN  and twN denote respectively, the total 
number of slip and twin systems. 0
iS  and 0
S  are the Schmid tensors for the slip and 
twin systems, respectively. 
 
5.3.1 Constitutive law for slip and twin 
In order to complete the description of the plastic flow rule in Eq. (5-9), the 
constitutive laws for the shearing rate i and   on each slip and twin system need to 
be specified. k ( )k i or   is thought to be a function of the resolved shear stress 
( k ), the slip or twin resistance ( ks ) and other possible variables [105, 106]: 
( , , ...)k k k ks    ,   ( )k i or      (5-10) 
In the present work, the shearing rate for each slip or twin system in Eq. (5-10) is 





    ,   ( )k i or      (5-11) 
where 0  is the reference slip rate, m  the rate sensitivity exponent for slip and 




k e k  C T S     (5-12) 




kS  is the Schmid tensor for the -thk slip or twin system. 
The evolution of the -thk  slip or twin resistance ks , can be expressed in the 
general form: 
( , , , , ...)k k k l kp ss s s f s   ,   ( )k i or      (5-13) 
In the preceding expression, ks  is the rate of resistance evolution at a given time; 
ks  is the current state of the resistance before evolution at that time; l  is the value of 
the shear strain of the -thl slip or twin system. A different superscript ( l ), is used to 
indicate that the hardening evolution of a given slip or twin system may be influenced 
by other slip or twin systems (latent hardening). Furthermore, pf denotes the volume 
fraction of nanoparticles added to the AZ31 matrix. The volume fraction of 
nanoparticles influences the mechanical properties of the nanocomposite in terms of 
plastic flow stress, which is described in Chapter 4. kss  is the saturation stress for each 
slip or twin system. In the following section, a specific form of the hardening 
evolution laws for slip and twin systems is presented in detail. 
For slip systems, the evolution of the resistance is  is described by: 
0 0
( ) ( )
ti i i i i
f sl tw sls t s s s s dt         (5-14) 
where ( )is t is the resistance of the -thi slip system at time t , and 0is  is the initial 
resistance.  
The second term ifs  represents the hardening influence of the nanoparticles. As 
discussed in Chapter 4, the addition of nanoparticles increases the plastic flow stress 
by a constant value and does not alter the plastic hardening rate of the material. 
Furthermore, this constant difference is related to the volume fraction of the 
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nanoparticles. Thus, for a given volume fraction of nanoparticles, a constant increase 
is incorporated into the hardening law: 
0
i i i
f sl p ps s h f    (5-15) 
where 0
is  is the initial resistance of the -thi slip system, pf  the volume fraction of 
nanoparticles added to the AZ31 matrix, and isl ph   a parameter that reflects the 
hardening effect the of nanoparticles. 
The third term in Eq. (5-14) reflects the evolution of slip resistance on the -thi slip 








    (5-16) 
where the subscript sl denotes slip system; slN  is the number of slip systems; 
j
sl  
is the shearing rate of the -thj slip system; ijslh are the hardening moduli. When i j , 
iih  represents self-hardening; when i j , ijh  denotes latent hardening.  The specific 
form of ijslh is: 
ij ij j
sl sl slh q h   (5-17) 








hh h     
(5-19) 
where ij is the Kronecker symbol and ijslq  represents the latent hardening effect.  
For the non-basal slip systems, a hyperbolic hardening function is employed, as 
defined by Eq. (5-19). 0
jh  is the reference hardening modulus; 0
j  and jss denote the 
initial and saturation resistance of the -thj slip system. sl  is the total accumulated 
shear strain of all slip systems and calculated from: 










    (5-20) 
where isl  is the shearing rate of the -thi slip system. 
For basal slip systems, a linear hardening function is adopted as in [63], which is 
based on experimental observation in the work done by Lavrentev and Pokhil [167]: 
  0j jslh h   (5-21) 
The fourth term in Eq. (5-14) represents the evolution of slip resistance on the 





i tw sl tw










     (5-22) 
where tw slh

  is the reference hardening modulus; twN  is the number of twin 
systems; 0tw
  and tw s  are the initial and saturation stresses for the -th twin system; 
  is the shearing rate of the -th twin system. tw  is the total accumulated shear 









    (5-23) 
where tw
  is the shearing rate of -th twin system. 




f tws t s s s dt
           (5-24) 
where ( )s t  is the resistance of the -th twin system at time t , and 0s  is the 
initial resistance. Here, the interaction of slip and twin is not considered in the 
hardening evolution of twin systems. 
As with to Eq. (5-15), the second term in Eq. (5-24) defines the influence of 
nanoparticles on twin systems: 
 Chapter 5   Constitutive modelling  
98 
 
0f tw p ps s h f      (5-25) 
where 0s
  is the initial resistance for -th twin system, pf is the volume fraction 
of nanoparticles added to the AZ31 matrix, and tw ph

  is a parameter to describe the 
hardening effect of nanoparticles. 
The third term in Eq. (5-24) reflects the evolution of twin resistance on the -th
twin system due to twin-twin interaction; the specific form is: 
1
twN





    (5-26) 
where the subscript tw  denotes twin systems; twN  is the number of twin systems; 
tw
  is the shearing rate of the -th twin system; twh are the hardening moduli. When 
i j , iih  represents self-hardening; when i j , ijh  denotes latent hardening.  The 
specific form of twh
  is: 
tw tw twh q h
     (5-27) 
where  (1 )tw tw twq q q        (5-28) 
and  2 00
0











    (5-29) 
ij is the Kronecker delta and twq  represents the latent hardening effect between 
twin systems. A hyperbolic hardening function defined by Eq. (5-19), is employed. 
0twh

  is the reference hardening modulus, 0tw
   and tw s   denote the initial and 
saturation resistance (or stress) for the -th twin system,  and tw  is the total 
accumulated shear strain of all twin systems and calculated from Eq. (5-23). 
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5.3.2 Evolution of twin volume fractions 
Tension twinning {10 12} 1011   is incorporated in the present model. As 
shown in Table 5-1, there are six similar twin systems for tension twinning 
{10 12} 1011   in a grain  i.e. six equivalent twin planes. In modelling twinning, 
there are two important aspects: (i) the evolution of twin fraction for each twin system 
and (ii) lattice reorientation. In this model, the method proposed by Van-Houtte (1978) 
is adopted to account for these two aspects. The volume fraction of each twin system 
in a single grain is represented by f  , and the maximum value is max max{ }f f
 . 







where   is the shearing rate of the -th twin system, and 0  is a twinning shear 




     (5-31)
for the tension twin mode {10 12} 1011  , where /c a  ; c and a are the unit 
dimensions of the longitudinal and basal axes (see Fig.5-3(a)). Let crf  denote the 
critical twin volume fraction at which lattice reorientation is activated. If max crf f , 
then the orientation of the single crystal will be replaced by the twinned orientation, 
and f   is set to zero for the new oriented crystal. Thereafter, f   will evolve again. 
For the tension twinning  {10 12} 1011  , the relationship between the orientation of 
twin and the parent can be described by the rotation tensor: 
2tw tw tw   R I n n   (5-32)




where I  is the identity tensor and twn  defines the normal to the twinning plane. 
The transformation between the original ( ie ) and the new (
new
ie ) lattice base vectors is 
given by  
new tw
i ie e R   (5-33)
Since a three orthogonal axis coordinate system can describe three-dimensional 
rotation, the lattice orientation is defined by an orthogonal coordinate system, as 
shown in Fig. 5-3. (The traditional 4-axis coordinate system for an HCP lattice is also 











Fig. 5-3    3-axis and 4-axis coordinate systems for an HCP lattice (a) original 
orientation, (b) rotated orientation. 
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5.4 Numerical implementation 
5.4.1 Finite element model 
The constitutive model and its time-integration procedure are implemented in 
ABAQUS/Explicit (2010) finite element software by writing a user-defined material 
subroutine (VUMAT). The specific time integration procedure of VUMAT for this 
model is given in Appendix A. A polycrystalline sample is idealized as an assembly 
of 8 8 8 512    cubic elements with single integration points (C3D8R). The mesh is 
shown in Fig. 5-4(a). Each element represents one single crystal and is assigned it 
particular crystal lattice orientation. Such an approach has limitations for studying 
microstructural evolution within single grains because there is only one-integration 
point for each crystal [161]. However, its flexibility does possess significant 
computational advantages in terms of examining the macro-scale behaviour of 
polycrystalline samples. 
Uniaxial tension and compression tests are simulated by imposing a prescribed 
velocity in the vertical direction to the top surface, while the bottom surface is fixed in 
this direction (Fig. 5-4(b)); the strain rate imposed controlled by this velocity. 
Symmetry about the Y-Z surface is defined; movement of this surface in the X 
direction is disallowed and there is no rotation of this surface about the Y and Z-axes. 
A symmetry condition is also applied to the X-Z surface; movement of this surface in 
the Y direction is disallowed and there is no rotation of this surface about the X and 
Z-axes. These boundary conditions correspond to uniaxial tension and compression. 
 
 









Fig. 5-4    The mesh and boundary conditions of the numerical model 
 
5.4.2    Model validation  
To validate the proposed crystal plasticity model, predictions based on the model 
are compared with experimental results, as well as predictions of another continuum 
model [161]. In [161], specimens were cut from rolled AZ31 sheets and the uniaxial 
compression tests were conducted in both the normal or out-of-plane (ND) and rolling 
directions (RD). The texture of specimens deformed to different strains was also 
measured.    
(1) Comparison of stress-strain curves of uniaxial compression 
The blue dashed lines in Figs. 5-5 (a) and (b) show experimental true stress-strain 
curves for uniaxial compression in the ND and RD reported by Fernandez et al. in 
[161]. The green lines are the simulation results based on the proposed crystal 
plasticity model, and the red lines are the simulations from [161]. The predictions by 
















Fig. 5-5     True stress-strain curves for uniaxial compression (a) along ND; (b) along 
RD; comparison between simulation results of current work and 
experimental results as well as simulations from [161]. 
 
(2) Comparisons of texture evolution 
 To verify the ability of the proposed model to predict texture evolution during 
deformation, the initial texture defined for numerical simulation in the present work is 
compared with the experimental initial texture by Fernandez et al. [161]. Fig. 5-6 
shows the experimental and numerical initial texture in [161] and the initial texture 
adopted in the present work; Fig. 5-6 indicates that the initial texture in the present 
work is quite similar to the experimental data. 
The texture of specimens deformed to several strains values  0%, 2%, 4%, 6%, 
11% and 13%  for uniaxial compression along RD was examined by Fernandez et al. 
[161]. Comparison of the {0001} texture from experiments with predictions by the 
proposed model is undertaken. The simulation results reported in  [161] are also 
presented for reference; Fig. 5-7 shows that the proposed model captures the texture 
evolution trend during uniaxial compression along RD.  
 
(a) (b) 














Fig. 5-6    Comparison of (a) experimental initial texture with (b) initial texture 












Fig. 5-7    {0001} texture evolution for different strains; comparison between 
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5.4.3 Calibration of material parameters for constitutive model 
Table 5-2 gives the elastic constants used in the simulations [26, 168, 169]. Initial 
estimates of the CRSS values corresponding to the slip and twin systems were 
extracted literature [26, 63, 161, 162]. Subsequently, six monotonically increasing 
values of each parameter were used while keeping the other parameters fixed, in order 
to identify the influence of this parameter on final stress-strain curves for simulations 
of uniaxial tension and compression. Based on the influence of each parameter on the 
stress-strain behaviour, adjustment of the each parameter value is made in order to 
achieve the closest fit with the experimental stress-strain curves. With respect to curve 
fitting, the experimental data of AZ31 and AZ31/1.4Al2O3 are used to calibrate the 
parameters, while the curves of AZ31/1.0Al2O3 and AZ31/3.0Al2O3 are estimated by 
simulation using these parameters. Table 5-3 shows the values of the material 
parameters. It is noted that a relatively high value for basal slip resistance is adopted 
so that the numerical predictions can match the experimental curves well. This seems 
reasonable because of the relative fine grain size of the material studied  less than 2 
μm  and this value is close to results reported from several groups [64, 161, 170]. 
The influence of specific parameters on the stress-strain curves is presented in the 
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Table 5-2  Elastic constants (GPa) for AZ31 at 300 K 
11C   12C   13C   33C   44C  
58 25 20.8 61.2 16.6 
 
Table 5-3  Parameters calibrated and used in the model 
Initial resistance (MPa) ( 0 * and 0tw ) 
     0:basal     0:prismatic   0:pyramidal a    0:pyramidal c a           0twin        
20 96 88 100 55  
Saturation resistance (MPa) ( ss * and tw s ) 
   :s prismatic    :s pyramidal a    :s pyramidal c a           twin s              
133 190 190 200   
Reference hardening moduli ( 0h *,  0twh  and  tw slh  ) 
0:basalh  0:prismatich  0:pyramidal ah    0:pyramidal c ah      0twinh    tw slh   
500 1000 350 400 150 150 
Hardening parameters related to nanoparticles ( sl ph  * and tw ph  ) 
prismatic ph   py a ph    py c a ph     twin ph       
3.3 3.0 3.5 11.7    
Other parameters      
       0         m          ijslq           twq      
3 11 10 s   50 1 1   
     pf    crf      
volume fraction of 
nanoparticles 
0.7 (critical volume fraction 
for twinning)    
*The specific values for different slip modes are given. 
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5.4.4 Initial texture in simulations 
Since there are no experimental results in terms of pole figures available from the 
present study, the initial pole figures for samples cut from extruded AZ31 rods 
reported in [81, 90, 148, 162, 171] are taken as references to generate the initial 
texture for simulation using the proposed model. The assumed initial texture for 
scanning along the transverse direction is presented in Fig. 5-8; the pole figure is 
plotted using the MTEX package in Matlab [172]. In addition, the XRD results 
presented in Figs. 4-3 and 4-4 provide useful information about preferred orientations 
in the specimen [173]. Table 5-4 shows that the relative diffraction density for 
prismatic {1010}  plane in nanocomposite specimens is higher than that in monolithic 
AZ31 specimens.  This indicates that compared to monolithic AZ31, more crystals in 
the nanocomposites display similar orientations  i.e. their prismatic planes  are 
parallel to the transverse direction. This is reflected in Figs. 5-8 (a) and (b), which 
show a higher {1010}  texture density in the nanocomposites compared to that in 








Fig. 5-8    Numerical initial texture for scanning along transverse direction for (a) 
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Table 5-4  Relative ratios of densities of three peaks for three diffraction planes based 
on based on XRD results shown in Fig. 4-3 and 4-4.  
AZ31 AZ31/ Al2O3 
{1010}  (0002)  {1011}     {1010}  (0002)     {1011}  
       5         :        1        :         7    20        :      1        :        7 
 
 The Euler angles 1 2, ,    describe the three rotations that relate the three local 
coordinate axes of individual crystals to fixed global coordinates, as shown in Fig. 5-9. 
The local coordinate axes { , , }c c cX Y Z  are fixed with respect to each individual crystal. 
The sequence of three rotations is as follows [166, 174]: 
(1) The { , , }c c cX Y Z  axes are rotated about the cZ  by angle 1  to make cX align 
with rotatedX  on the plane g gX Y , resulting in coordinates denoted by 
' '{ , , }rotated c cX Y Z ; 
(2) Then the ' '{ , , }rotated c cX Y Z  axes are rotated about the rotatedX  axis by angle   to 
make 'cZ  align with gZ , resulting in coordinates denoted by 
"{ , , }rotated c gX Y Z ; 
(3) Finally, the "{ , , }rotated c gX Y Z  axes are rotated about the gZ  axis by angle 2  to 
make rotatedX  and 
"
cY  align with gX  and gY , respectively. 
To generate the initial orientations of the 512 crystals, the three Euler angles are 

















Fig. 5-9    Schematic diagrams of relationship between the local crystal coordinate 
system and the fixed global coordinate system. 
 
 
5.4.5 Simulation of tensile loading  results and discussion 
(1) Stress-strain response and texture evolution 
Fig. 5-8 depicts the simulated true stress-strain curves for monolithic AZ31 and its 
nanocomposites under quasi-static tensile loading, compared with experimental 
results. The simulations are up to a strain of 10%, and the true stress and true strain 
values in the figure are average values in the Z direction for the 512 crystals (element), 
i.e. 33 and 33 . The numerical simulations match the stress-strain responses of the 
material well. Figs. 5-10 and 5-11 show contour plots of the maximum principal stress 
for samples of monolithic AZ31 and AZ31/3.0% Al2O3 at a strain of 10%, which is 
well before fracture. The stress magnitude distribution among the elements is almost 
uniform, and this is consistent with the deformation state of the material.  
 
 













Fig. 5-10    Comparison of simulated and experimental true stress-strain curves for 
uniaxial tension, for monolithic AZ31, AZ31/1.0% Al2O3, AZ31/1.4% 








Fig. 5-11    Simulation results for maximum principal stress at a true strain of 0.1 for 





















Fig. 5-12     Pole figures for simulation of specimens stretched to 0%, 4% and 10% 
strain; (a) monolithic AZ31 and (b) AZ31/1.4% Al2O3.  
 
Fig. 5-12 shows the texture evolution under tensile loading for monolithic AZ31 
and AZ31/1.4% Al2O3; the pole figures correspond to strains of 0%, 4% and 10%. As 
discussed in Chapter 4, the dominant deformation mechanism for tension is slip. Its 
influence on the texture of specimens should progress gradually with deformation, 
compared to the abrupt rotation of grains by tension twinning; this can be observed in 
Fig. 5-12. The specific contributions of different slip and twinning modes are 
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(2) The relative average degree of activity of slip and twin modes 
Figs. 5-11 and 5-12 show the relative average degree of activity of slip and twin 
modes during tension for monolithic AZ31 and AZ31/3.0% Al2O3. As with [63], a 
measure of average relative activity kr  is defined by: 
0
1 Vk kr r dv
V




























where   is the shearing rate, and kr  is the relative activity of the -thk slip/twin 
mode corresponding to each integration point. As presented in Table 5-1, there are 
four categories for slip modes and one category for twin mode; thus, there are five 
modes. The superscript k  represents the k -th mode. V is the total volume and dv  is 
infinitesimal volume. Since there is only one integration point in one element, the 
value of kr  in one element should be the same. slN (=18) is the total number of slip 
systems and twN (=6) is the total number of twin systems, M is the number of 
slip/twin systems for the -thk  slip/twin mode. For example, M  equals to three for 
prismatic slip as given in the fourth column of Table 5-1. 
 Figs. 5-13 and 5-14 show that during the initial phase of plastic flow, the average 
relative activity of prismatic slip increases rapidly and becomes the dominant 
deformation mechanism. The relative activities of pyramidal a   and pyramidal 
c a    slip are almost the same after a strain of 3%. For plastic deformation up to 
10%, the relative fraction of activated tension twins is negligible. This is consistent 
with the analysis in Chapter 4; twinning in specimens of AZ31 and AZ31/1.4% Al2O3 
with an initial basal texture is difficult to activate under tensile loading. A comparison 
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of the curves for AZ31 and AZ31/1.4% Al2O3 in Figs. 5-13 and 5-14 shows clearly 
that the relative activities of the five slip/twin modes in monolithic and its 
nanocomposites are almost similar. As shown in Fig. 5-10, the profiles of the stress-
strain curves for the monolithic and its nanocomposites are quite similar. From a 
comparison of the simulation and experimental results, it is concluded that the ratios 
of the average relative activities among the five slip/twin modes determines the 
profile of the stress-strain curves of the materials. With respect to the effect of the 
presence of nanoparticles for tensile loading, although the addition of nanoparticles 
increases the plastic flow stress of the matrix based on the simulation results, it does 
not change the ratio of the average relative activities among the five slip/twin modes 
significantly, and thus the post-yield stress-strain curves for the nanocomposites (Fig. 










Fig. 5-13    Relative degree of activation of slip and twinning in monolithic AZ31 















Fig. 5-14    Relative degree of activation of slip and twinning in AZ31/1.4% Al2O3 




(3) Effect of material parameters for tension 
 The influence of each parameter on the resultant tensile stress-strain curves is 
discussed with reference to Figs. 5-13 and 5-14. In Figs. 5-13 and 5-14, which show 
the average relative activities for slip and twinning at a given strain, and thus 
represents their extent of influence on the stress-strain curves at that strain.  
The parameters for prismatic slip are taken as an example for analysis. The initial 
resistance to prismatic slip 0:prismatic  denotes the activation requirement for prismatic 
slip and affects the yield stress of the stress-strain curve. Resistance to the evolution 
of prismatic slip affects strain hardening and the relevant parameters are: the reference 
hardening parameter 0:prismatich , nanoparticle hardening parameter prismatich  and the slip 
latent hardening parameter ijslq . The saturation stress for prismatic slip :s prismatic  
affects the maximum stress of the stress-strain curve. 
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The corresponding parameters for other slip or twin modes have similar effects on 
the stress-strain curve. Figs. 5-13 and 5-14 indicate that prismatic slip is the dominant 
deformation mode for plastic flow and the values of the governing parameters 




5.4.6 Simulation of compressive loading  results and discussion 
(1) Stress-strain curves and texture evolution 
Fig. 5-15 shows the simulated true stress-strain curves for monolithic AZ31 and 
its nanocomposites under quasi-static compressive loading, together with the 
experimental results. The simulation is taken to a true strain of 10%. As with the 
results for tensile loading, the true stress and true strain curves in Fig. 5-15 represent 
the average values in Z-direction for 512 crystals (elements), i.e. 33 and 33 . It is 
noted that the simulation results indicate the trend of stress-strain profile of the 
materials. The only exception is the simulation curve for AZ31/3.0% Al2O3, whereby 
the predicted yield stress is higher than the experimental value. As with AZ31/3.0% 
Al2O3 discussed in Chapter 4, because of the higher volume fraction of nanoparticles 
compared to other two composites, there is a higher possibility of agglomeration of 
nanoparticles, which would degrade the mechanical properties of the composites. 
However, the effect of agglomeration is not considered in the model developed in the 
present work. This could be a reason for the difference. Fig. 5-16 shows the texture 
evolution under compressive loading for both monolithic AZ31 and AZ31/1.4%Al2O3 
nanocomposites. The obvious increased density at the centre of the pole figures 
corresponding to a {0001} texture after 6% strain indicates the increase in the number 
of grains rotated by ~90o because of tension twinning.    














Fig. 5-15    Comparison of simulated and experimental true stress-strain curves for 
uniaxial compression, for monolithic AZ31, AZ31/1.0% Al2O3, AZ31/1.4% 

































Fig. 5-16    Simulated pole figures for compression of (a) monolithic AZ31 and (b) 
AZ31/1.4% Al2O3 at strains of 0%, 2%, 6% and 10%.  
  
 
(2) The relative average degree of activity of slip and twin modes 
Figs. 5-17 and 5-18 show the average relative activities of slip and twinning 
modes in AZ31 and AZ31/1.4% Al2O3. In both figures, tension twinning is the 
dominant deformation mechanism for plastic flow up to a strain of ~6%. Fig. 5-15 
shows an obvious increase in the strain hardening rate at a strain of around 6%. This 
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twinning  i.e. after tension twinning rotates the lattice orientation by ~86o, the 
predominant deformation mechanism will change. Figs. 5-17 and 5-18 show that 
beyond a strain of 6%, the steep decrease in relative activity of tension twinning and 
the rapid increase in relative activity of pyramidal c a    slip correspond to lattice 
rotation. Consequently, when the strain exceeds 8%, pyramidal c a    slip 
becomes the dominant deformation mechanism in further plastic flow. 
In the preceding section, an analysis of Figs. 5-13 and 5-14 shows that the ratio of 
the average relative activities among the five slip/twin modes determines the profiles 
of stress-strain curves. This is also confirmed by Figs. 5-17 and 5-18. The relative 
activities of tension twinning and pyramidal a   slip in the two figures are similar 
and the total activity of these two modes account for ~90% of the mechanism activity 
before a strain of 6% is attained. Beyond 6% strain, the relative activity of pyramidal 
c a    slip for both figures show similar value of relative activity in both figures. 
Thus, the compressive stress-strain curves in Fig. 5-15 exhibit similar profiles. 
The difference in the average relative activities for basal and prismatic slip, shown 
in Figs. 5-17 and 5-18, is probably due to the addition of nanoparticles, which makes 
prismatic slip more easily activated in AZ31/1.4% Al2O3 than in monolithic AZ31. 
However, since prismatic slip is not the dominant deformation mode, the profile of 


























Fig. 5-17    Relative amount of activation of slip and twinning in monolithic AZ31 











Fig. 5-18    Relative amount of activation of slip and twinning in AZ31/1.4% Al2O3 
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(3) Effect of material parameters on compression 
The influence of each material parameter on the compressive stress-strain curves 
is similar to that discussed in Section 5.4.5 (3) for tension. The relative degree of 
influence of slip and twinning on the compressive stress-strain curves is based on 
their relative average activities as shown in Figs. 5-17 and 5-18.    
Figs. 5-17 and 5-18 show that twinning is the dominant deformation mode up to 
about 6% strain. In this strain range, material parameters of twinning (see Table 5-2) 
influence the profile of the compressive stress-strain curve significantly. In particular, 
the critical twin volume fraction crf  affects the turning point, at which the strain 
hardening rate increases rapidly. After this turning point, material parameters (see 
Table 5-2) of pyramidal c a    slip become dominant in determining the profile of 
a compression stress-strain curve.  
 
 
5.4.7    Numerical tests for three simple textures in monolithic AZ31 
 The previous section shows that the numerical model is able to capture the trend 
of stress-strain response of monolithic AZ31 and its nanocomposites. The texture of 
the materials studied exerts a strong influence in terms of causing an anisotropic 
response depending on the loading direction. To obtain a better understanding of the 
activation of plastic deformation mechanisms [162], three primary textures are 
selected for examination; these correspond to the three diffraction peaks in Fig. 4-3. 
The three textures are depicted in Fig. 5-19, and are labelled as ‘T-Basal’, ‘T-
Prismatic’ and ‘T-Pyramidal’. These three types of textures denote sets of single 
crystals with the global z-axis perpendicular to a crystal’s basal {0001} plane, 
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prismatic {1010}  plane and pyramidal {10 11}  plane respectively. Other than the 
common axis for each set of crystals (i.e. 512 crystals in each set), the other two axes 
are randomly distributed. A uniform orientation distribution is assumed for the other 







Fig. 5-19    Schematic diagrams of three representative textures 
 
 
To investigate the contribution of the three types of textures to the stress-strain 
curves and corresponding activated slip/twinning modes, numerical simulation of 
uniaxial tension and compression were undertaken and the material parameters (refer 
to Table 5-2) used are the same as that for monolithic AZ31. The loading direction is 
parallel to the global z-axis, as shown in Fig. 5-19. Fig. 5-20 shows the stress-strain 
responses from numerical simulation, and Fig. 5-21 shows the average relative 
activity of slip and twinning at a given strain. The dominant deformation modes are 
summarized in Table 5-5.  
Fig 5-8 shows that in the initial pole figure, assumed for numerical simulation, the 
orientation of most grains is close to being ‘T-Prismatic’ texture. Thus, the stress-
strain profiles for tension and compression in Figs. 5-10 and 5-15 are similar to that in 
Fig. 5-20 for a ‘T-Prismatic’ texture. In terms of dominant deformation mechanisms, 
prismatic slip corresponding to tension, and twinning corresponding to compression 
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are also consistent with results for a ‘T-Prismatic’ texture as shown in Fig. 5-21  (c) 
and (d).    
A comparison of the three plots of relative mechanism activity for compressive 
loading in Figs. 5-21 (b), (d) and (f), shows that only the ‘T-Basal’ texture favors 
pyramidal c a    slip. Beyond a strain of 6%, the dominant deformation 
mechanism for compression of monolithic AZ31, shown in Figs. 5-17, is pyramidal  
c a    slip; this indicates that the orientation of a large number of grains at this 








































Fig. 5-21    Average relative activity of slip and twin modes for three types of textures 
under uniaxial tension and compression. 
 
 
Table 5-5    Dominant slip/twin modes for three textures under uniaxial tension and 
compression 
 T-Basal T-Prismatic T-Pyramidal 
Tension Tension twin 
Pyramidal c a  
slip, Prismatic slip 
Pyramidal 










c a    slip 
Tension twin,  
Prismatic slip 
Pyramidal 
a  slip, basal 
slip 
 
5.5   Conclusions 
A rate-dependent single crystal plasticity model is developed to simulate the 
mechanical behaviour of AZ31 and AZ31/Al2O3 nanocomposites. The model 
incorporates slip and deformation twinning, and employs the basic framework 
developed by Staroselsky and Anand [26, 54]. The ability of this model to predict the 
stress-strain responses and texture evolution is validated by comparison of simulation 
results with experimental data reported in [161]. The constitutive relationships for slip 
and twin evolution, as well as their interaction with nanoparticles, are proposed 
through calibration with experiments carried out. The numerical simulation is able to 
capture the main characteristics of the mechanical responses of both AZ31 and its 
nanocomposites, for both quasi-static uniaxial tension and compression. Simulation 
results are consistent with the experimental results presented in Chapter 4. For tension, 
prismatic slip is the predominant deformation mechanism after yielding, while for 
compression, after grain rotation associated with activation of twinning, pyramidal 
c a    slip becomes the dominant deformation mechanism. The average relative 
activities of slip and twining during tensile and compressive deformation are not 
affected significantly by the addition of nanoparticles.  
 
 




Chapter 6 – Conclusions and recommendations 
for future work 
 
This study focused on mechanical behaviour of magnesium nanocomposites and 
constitutive modelling based on crystal plasticity theory for the stress-strain responses 
of the materials. The strain rates encompassed a range of 10-4 to 103 s-1; this was 
achieved by using different test facilities  i.e. an Instron universal testing machine 
and split Hopkinson bar devices. The materials studied were fabricated by a 
disintegrated melt deposition technique, and their microstructures of the initial and 
deformed material were characterized using optical microscopy, XRD, SEM and 
FESEM. A rate-dependent crystal plasticity model was developed to capture the main 




AZ31 Mg alloy and its composites, reinforced by different volume fractions of 50-
nm Al2O3 nanoparticles (1vol%, 1.4vol% and 3vol%), were synthesized by a 
disintegrated melt deposition technique, followed by hot extrusion. A reasonably 
uniform distribution of nanoparticles in the matrix and good adhesion between the 
particle reinforcement and matrix were obtained and confirmed by FESEM 
observation. The porosity of the materials produced is negligible because the 
experimentally-measured densities for the four types of materials were quite close to 
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the reference density value which is calculated by the rule-of-mixture. Monolithic 
material has a grain size of less than 2 μm. A significant reduction of grain size in 
nanocomposites is observed as a result of the addition of Al2O3 nanoparticles. 
AZ31/1.4Al2O3 has the smallest average grain size of 1.12 μm, which is about 58% 
the average grain size of monolithic AZ31.   
Quasi-static tension and compression at strain rate of ~10-4 s-1 were applied to 
specimens using an Instron universal testing machine. Tensile and compressive tests 
under dynamic loading were also conducted at strain rates up to 32.5 10  s-1, using 
split Hopkinson bar devices.  A constant difference in plastic flow stress, at both low 
and high rate tensile loading, is generated by the addition of nanoparticles, and this 
difference varies with the volume fraction of nanoparticles. However, for compression, 
a constant elevation of plastic strength is apparent only under quasi-static loading and 
no obvious strengthening is observed in nanocomposites during dynamic compression. 
The flow stress in compression displays a negative rate dependence. This is because 
(1) the strength enhancement effect associate with the mismatch of CTE between the 
matrix and nanoparticle is reduced as temperature increases during dynamic loading 
and (2) the CRSS of twinning is rate insensitive.        
Samples of the monolithic material and nanocomposites are subjected to XRD 
scanning before testing as well as after quasi-static tests and after dynamic 
deformation. The typical basal texture in samples before testing is confirmed from 
XRD spectra, which show two planes, one parallel and one perpendicular to the 
extrusion direction.  
Compared to monolithic AZ31 subjected to tension, the fracture strain of 
nanocomposites is increased respectively by 49% and 33% for low and high rate 
loading; this is attributed to the addition of nanoparticles. However, there is no 
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increase in the fracture strain for nanocomposites with compression. This is related to 
the activation of {10 12} 10 1 1  tension twinning. The XRD spectra for samples 
before and after compression tests and the sigmoidal shape of the compressive stress-
strain curves indicate that {10 12} 10 1 1  tension twinning is activated at an early 
stage of deformation. The occurrence of dominant twinning in both monolithic AZ31 
and its nanocomposites under compressive deformation is able to generate many sites 
for void formation or crack initiation and propagation. Therefore, the effect of 
nanoparticle addition on ductility enhancement for compression is diminished 
significantly. 
A rate-dependent crystal plasticity model is developed to capture the macroscopic 
stress-strain behaviour of the nanocomposites. This model is implemented in 
ABAQUS/Explicit (2010) finite element software by writing a user-defined material 
subroutine (VUMAT). A hyperbolic function is adopted to describe the evolution of 
hardening associated with the microscopic deformation mechanisms  slip and 
twinning. The effect of adding nanoparticles to the matrix material is captured by 
proposing a term which incorporates in the hardening characteristics. The simulation 
results indicate that the addition of nanoparticles does not change the average relative 
activity of slip and twin modes for both quasi-static tension and compression. 
 
6.2 Recommendations for future work 
The study of the mechanical behaviour of nanocomposites in the present was 
undertaken at room temperature. Their response at high temperatures (i.e. 20oC ~ 
400oC) is an avenue for future study, because it is likely that such nanocomposites 
may be subjected to high temperature environments. In terms of a systematic 
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investigation, the mechanical response of the materials should be examined at high 
temperatures for both quasi-static and dynamic loading. The influence of 
nanoparticles on the material response at high temperatures coupled with strain rate is 
relatively unexplored. Whether the influence of nanoparticles on microscopic 
deformation mechanisms  slip and twinning  changes with temperature, needs 
further investigation.  
With respect to texture, EBSD observation and XRD scanning to obtain pole 
figures were not undertaken in the present. For further study on the relationship 
between the presence of nanoparticles and texture evolution, EBSD examination of 
samples deformed to different degree of plastic strain could be carried out. Moreover, 
if the effects of temperature and strain rate are both included, the results of EBSD 
characterization would prove particularly interesting. Because of the very fine grain 
size of the composites (< 2 μm), and the nano-size of the reinforcement particles, 
microstructure characterization by TEM is recommended to facilitate identification of 
details of interactions between nanoparticles and slips or twinning.  
As for constitutive modelling, the rate-dependent crystal plasticity model 
developed in this work focuses only on the quasi-static response of the 
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Appendix A. Time-integration procedure for 
crystal plasticity constitutive model 
  
The time-integration procedure for the proposed rate-dependent single crystal 
constitutive model is presented. Here let t  denote the current time; t  is a small finite 
time increment, and t t     the next instant of time. The algorithm is as follows: 
Given: (1) { ( ), ( ), ( ), ( )}Pt t tF F F T ; (2) 0 0{ , }k km n , 0kn  is the unit normal  to the 
slip/twin plane, and 0
km  the unit vector  that identifies the slip/twin direction, 
where k  denotes the -thk slip/twin system; (3) the rotation tensor ( )tQ , which 
rotates the crystal coordinates to coincide with the polycrystalline sample 
fixed coordinates; (4) the accumulated shear due to twinning ( )twf t
 , where 
implies the -th twin system.  
Calculate: (a) { ( ), ( )}P  F T ; (b) ( )twf   ; (c) the rotation tensor ( )Q . 
Step 1. Determine the elastic deformation gradient ( )e tF  and elastic strain ( )e tE : 
1( ) ( ) ( )e Pt t t F F F   (A-1) 
( ) ( ) ( )e e T et t tC F F   (A-2) 
1( ) ( ) )
2
e et t E (C I   (A-3) 
Step 2. Calculate the stress, *( )tT : 
*( ) ( )et tT E   (A-4) 
Step 3. Calculate the resolved shear stress on the -thk  slip/twin system, ( )t : 




0 0( ) ( ( ) ( ))
k e kt m t t n   C T   (A-5) 





       (A-6) 
Step 5. Update the plastic deformation gradient, ( )P F : 
0 0 0 0( ) {1 ( )( ) ( )( ) } ( )
sl twN N
P i i i P
i
t m n t t m n t t  

         F F    (A-7) 
Step 6. Normalize ( )P F  by: 
1/3( ) [det ( )] ( )P P P  F F F   (A-8) 
Step 7. Determine the elastic deformation gradient ( )eF  and the elastic strain, ( )e E : 
1( ) ( ) ( )e P   F F F   (A-9) 
( ) ( ) ( )e e T e  C F F   (A-10) 
1( ) ( ) )
2
e e  E (C I   (A-11) 
Step 8. Calculate the stress, *( )T : 
  *( ) ( )e T E   (A-12) 
Step 9. Determine the Cauchy stress, ( )T : 
1 *( ) [det ( )] ( ) ( ) ( )e e T    T F F T F   (A-13) 
Step 10. Update the strength of the -thk  slip/twin system, ( )ks  : 
( ) ( )k k ks s t s t      (A-14) 
Step 11. Update the twin fraction, ( )twf
  : 
( ) ( )tw tw twf f t f t
        (A-15) 
Step 12. Check the lattice reorientation. 
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If tw crf f
  , where crf is the critical strain for lattice rotation, set ( ) ( )( )tw TQ Q t R  , 
where twR is rotation matrix for the tension twin. 
